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“L’essentiel est invisible pour les yeux. On ne voit bien qu’avec le cœur. ”  
 







“Never separate you from your illusions. If they disappeared, you may still exist, but you 
have stopped to live.”  
 









AFM : atomic force microscopy 
AROM : aquagenic refractory organic matter  
DLA : diffusion limited aggregation 
DLVO : Derjaguin Landau Verwey Overbeck 
DNA : deoxyribonucleic acid 
EPM : electrophoretic mobilities  
EPS : exopolysaccharide 
EtOH : ethanol  
GCSG : Gouy Chapman Stern Grahame  
HS : humic substances 
IHP : Inner Helmholtz plane I 
HSS : international humic substances society 
LALS : low angle light scattering 
NOM : natural organic matter  
OHP : Outer Helmholtz plane 
PCS : photon correlation spectroscopy 
RLA : reaction limited aggregation 
Rm : Rhizobium meliloti 
RMM : Rhizobium minimum medium  
SEC :  size exclusion chromatography  
SFRA : Suwannee river fulvic acid 
SSDLS : simultaneous static and dynamic light scattering  
Succ.Na2 : sodium succinate  
TEM : transmission electron microscopy  
TOC : total organic carbon 
ZPC : zero point charge 
 
Symbols 
a : radius  
A12 : Hamaker constant 
ci : concentration of ions 
 iii
C(τ) : autocorrelation function  
°C : celcius degree  
d : diameter 
df : fractal dimension 
dh : hydrodynamic diameter  
D : diffusion coefficient 
g1(t) : first autocorrelation function  
G(τ) : standardized distribution of the decreasing rates  
h : distance of separation  
<I> : average intensity  
J : joules 
kB : Boltzman constant  
kij : rate constant  
ks : Smoluchowski rate constant  
Nz : concentration of z-fold aggregates  
pH : negative log of the activity of protons  
rh : hydrodynamic radius  
t : time 
T : absolute temperature (K) 
VA : attractive potential energy 
VR : repulsive potential energy 
VT : total interaction energy 
z : charge of the ions 
 
α : collision efficiency factor 
 β(u) : correction factor for diffusion coefficient 
 σ :  charge density 
η : viscosity 
ψ : surface potential 
ε : permitivity 
Γ : gamma function 
ξ : characteristic distance 
κ-1 : Debye length or double layer thickness 
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FRENCH SUMMARY OF THE THESIS 
 
 
1. INTRODUCTION  
  
Une grande proportion de composés de trace (en général 40 à 90%) sont adsorbés sur les 
colloïdes aquatiques par l'intermédiaire des interactions covalentes, électrostatiques ou 
hydrophobes (Stumm 1992 ; Stumm 1996). Sur des considérations de taille et de densité, les 
colloïdes resteront en suspension dans la colonne d’eau de manière à ce que les composés qui 
leur sont associés peuvent être transportés sur de longues distances. D'autre part, la 
coagulation ou la floculation peut faciliter l'élimination des colloïdes de la colonne de l'eau 
par la production d’agrégats qui sont assez grands pour sédimenter (Martin et al. 1995 ; Guo 
et al. 1997). Dans les systèmes complexes tels que les eaux naturelles, l'agrégation colloïdale 
est omniprésente due à la présence d’un grand nombre de types de colloïdes ainsi qu’à un 
grand nombre de sites réactifs disponibles. En effet, l'analyse des fractions de taille a souvent 
démontré que chaque type de colloïdes peut être retrouvé dans toutes les fractions de taille 
(Newman et al. 1994). Ceci implique que pour faire des prévisions sur la circulation des 
composés traces dans les eaux naturelles, il est au moins aussi important de comprendre les 
interactions des principaux colloïdes entre eux, que de déterminer les énergies de liaison des 
composés traces à chaque types de colloïdes. En ce qui concerne ce dernier point, il reste 
beaucoup de travail pour déterminer les propriétés et les interactions structurales précises des 
colloïdes naturels dans les systèmes aquatiques (Buffle 1988). 
 
Dans ce contexte, une des principales question à résoudre est liée au rôle exact de la matière 
organique normale (MON). On accepte généralement que la MON stabilise les colloïdes 
organiques dans les eaux naturelles. Néanmoins il a été démontré que certains groupes 
spécifiques de MON, en particulier les polysaccharides (EPS), peuvent engendrer une 
déstabilisation ou floculation des systèmes colloïdaux. Il est donc essentiel que le 
comportement spécifique des principaux groupes de MON soit considéré en tenant compte 
des paramètres physico-chimiques appropriés tels que la densité de charge électrique, la taille 
et la masse molaire ou encore des informations conformationelles telle que le rayon de 
giration, la longueur de persistance ou les dimensions fractales. 
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L'objectif principal de cette étude est donc de contribuer à la compréhension de l’agrégation 
colloïdale dans les eaux naturelles en général en examinant les interactions de  biopolymères 
modèles naturels avec un colloïde environnemental modèle (oxyhydroxide : hématite) afin 
d'évaluer de quelle manière les biopolymères organiques naturelles (polysaccharides 
fibrillaires et acides fulviques (AF)) affectent les taux d'agrégation et la structure des agrégats. 
Des techniques de diffusion de la lumière en plus des techniques complémentaires telles que 
la microscopie électronique de transmission (TEM), et les mesures de mobilité 




2.1 Caractérisation du système ternaire  
Le diamètre moyen en nombre (dn) des particules d'hématite tel que déterminé par la 
microscopie électronique à transmission se situe à 46.7 au ± 4.5 nm (Table i). La 
spectroscopie de corrélation des photons de suspensions d'hématite a donné un diamètre 
hydrodynamique z-moyen, dz, 74.6 du ± 0.6 nm avec un index de polydispersité de 0.15. La 
charge des particules d'hématite est fonction du pH. À pH 3 et 4, les particules d'hématite ont 
des mobilities électrophorétiques positifs (µe = 3.2 x108 m2 V-1 s-1 à pH 4, à I=5 mM et µe = 
1.7 x108 m2 V-1 s-1 à pH 4 et I=250 mM) tandis que les mobilités électrophorétiques étaient 
négatives à pH 9.5 (µe = - 0.1x108 m2 V-1 s-1 à pH 9.5, à I=5 mM et µe = - 1.9x108 m2 V-1 s-1 à 
pH 9.5, à I=250 mM). En absence de AF, les suspensions d'hématites sont chargées 
positivement à pH acide, avec un point de charge zéro autour de pH 7.5-8 (milieu légèrement 
basique, Fig. i). 
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Figure i. Mesure de mobilité électrophorérique des particules d’hématite en fonction du pH (10 mg L-1 hématite, 
force ionique 5 mM). 
 
Un des intérêts principales pour l’utilisation d’un biopolymère produit naturellement au lieu 
de se le procurer de manière commerciale est de pouvoir étudier le rôle des parties 
hydrophobes des ces polymères. L’exopolysaccharide produit par la bactérie Rhizobium 
meliloti et utilisé dans cette étude a été caractérisé par deux techniques : la chromatographie 
d'exclusion de taille (SEC) couplée à trois détecteurs (de la diffusion aux petits angles, un 
viscosimètre et un réfractomètre) ou un système d'écoulement de détection (FFFF) couplé à 
un détecteur de diffusion de la lumière à angles multiples. Les principales caractéristiques du 
biopolymère sont regroupes dans les deux tableaux ci-dessous (Table ii).  
 
Table ii. Résultats obtenus des analyses de SEC et par par Eclipse FFF couplé à un DAWN EOS avec un 
dn/dc=0.147 mL g-1. 
 
Technique Mw (D) Mw (D) P.I. I.V. 
(dL g-1)
Rh (nm) Rayon de 
gyration (nm) 
SEC 1.75x106 1.66 x106 1.07 18.85 78.5 / 
FFF DAWN 
EOS 
1.978 x106 7.967 x105 2.48 / / 107.7 
 






L’acide fulvique utilisé  (SRFA), a été isolé du fleuve de Suwannee sur une résine XAD-8 
(Buergisser et al. 1993 ; Malcom et al. 1994). L’échantillon a été obtenu à partir de la société 
des substances humique (IHSS). L'acide fulvique a une masse molaire moyenne de 711 g mol-
1 (Goldberg et al. 1995) avec un rayon hydrodynamique d'environ 1 nm selon le pH (Knöchel 
et al. 1997; Fil et al. 2000). Les AF sont considérés comme des oligoélectrolytes sous la 
majorité des conditions environnementales et sont négativement chargées (Hosse et al. 2001). 
Les groupements carboxyliques représentent à peu près 6.8 mmol g-1 et les groupements 
phénoliques 2.9 mmol g-1 (Goldberg et al. 1995). 
 
Dans une première partie de la thèse on s’est intéressé à l’influence des acides fulviques sur 
les suspensions d’hématites, avant de s’intéresser à l’influence d’un exopolysaccharide 
naturel.   
 
2.2 Influence des acides fulviques sur les mesures de mobilités électrophorétiques 
Il y a un effet très net des AF sur les mesures de mobilités électrophorétiques de l’hématite. 
Les mobilités électrophorétiques ont diminué avec l’addition des AF jusqu'à atteindre une 
valeur plateau relativement basse et ceci pour une faible concentration d'environ 0.1 mg L-1 à 
chaque pH et pour toute la gamme de force ionique étudiée (Fig. ii). La tendance était 
semblable pour des valeurs de pH faibles ou élevées, c.-à-d. relativement indépendant de la 
charge de l’hématite en l'absence de l'acide fulvique. Nous avons également observé de 
l’adsorption des AF sur les particules d’hématites dans des conditions ou les deux entités sont 
négativement chargés. Pour un pH donné, la tendance dans les données était semblable pour 
toutes les forces ioniques : les valeurs de mobilités électrophorétiques ont été réduits avec 
l'augmentation de la force ionique due à un écrantage  de l’hématite.  
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Figure ii. Effet de l’adsorption des acides fulviques sur les mesures de mobilité électrophorétiques. Mobilité 
électrophorétiques des particules d’hématites en fonction de la concentration d’acides fulviques pour des forces 
ioniques différentes, (Ο) 5 mM, () 50 mM, (U) 250 mM, ) à  pH 4 (A), 6.5 (B) et 9.5 (C). 
 
 
2.3 Influence de la force ionique et du pH sur les cinétiques d’agrégation 
La Figure iii montre la variation du diamètre hydrodynamique en fonction du temps pour 
différentes concentrations en électrolyte et valeurs de pH. La vitesse d’agrégation augmente 
jusqu'à 250 mM. Le processus d'agrégation a pu être divisé en trois parties : une première 
partie de non-agrégation où les forces répulsive électrostatiques prédominent, un régime 
d'agrégation rapide où il y avait assez de sel pour équilibrer les forces répulsives de manière à 
ce que la croissance des agrégats soit indépendante de la concentration en sel (agrégation 
 xii
limitée par diffusion DLA) et d'une zone intermédiaire où le processus dépend fortement de la 
concentration en sel (agrégation limitée de réaction RLA). 
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Figure iii. Evolution temporelle du diamètre hydrodynamique moyen des agrégats d’hématites déterminés par 
spectroscopie par corrélation de photons en présence d’acides fulviques (AF) à pH 4, 6.5 et 9.5  (A, C, E) sans 
AF et (B, D, F )avec AF. Concentration en hématite 10 mg L-1, FA 5 mg L-1.  { 250 mM, z225 mM, U200 
mM, S150 mM,  125 mM, 100 mM, V 85 mM, T 70 mM,   50 mM, ¡ 20 mM,  5 mM. 
 
En l'absence de l’AF et au-dessus d'une concentration ionique de 250 mM, on a observé un 
taux maximum d'agrégation à pH 3, suggérant un régime de DLA où la constante de taux de 
coagulation était indépendant de la concentration en électrolyte. De très faibles concentrations 
critiques de coagulation (CCC) ont été observé en l’absence de AF, particulièrement à pH 6.5, 
9.5 et 10.5. La présence de 5 mg L-1 de AF (points ouverts, Fig. iv), était suffisante pour 
diminuer l’efficacité d'agrégation pour presque chaque pH et force ionique examinés. 
Néanmoins, il n’est pas possible de déclarer que la présence des acides fulviques a toujours 
comme conséquence une suspension colloïdale stabilisée. En effet les oxydes de fer ont 
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continué à se coaguler, dans la plupart des conditions du pH pour des valeurs suffisamment 
élevées en électrolyte. 
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Figure iv. Facteur d’efficacité de collision en fonction de la concentration en électrolyte à différentes valeurs de 
pH. (A) pH 3, (B) pH 4, (C) pH 6.5, (D) pH 9.5 et (E) pH 10.5. (o) en présence ou () absence d’acides 
fulviques. 10 mg L-1 hématite, 5 mg L-1 FA. 
 
De manière très claire (Fig. iv) les acides fulviques ont un effet stabilisant sur l’agrégation des 
particules d’hématites et ceci sous la majorité des conditions étudiées. Sous aucunes 
conditions étudiées nous avons observé de neutralisation de charge susceptible d’induire de la 
déstabilisation. En présence d’acides fulviques la pente entre les deux régimes d’agrégation à 
diminué, ce phénomène s’explique par une augmentation des hétérogénéités de surfaces 













































Figure v. (A) Constante de vitesse en fonction du pH. (B) Facteur d’efficacité de collision en fonction du pH (o) 
en présence ou () absence d’acides fulviques. 
 
On a utilisé le diffusion de la lumière dynamique et statique simultanée pour déterminer les 
constantes de vitesses de formation des dimères d’hématites. Les constantes de vitesse de 
coagulation avec 250 mM d'électrolyte en présence et en absence de matière organique étaient 
27-72% inférieur la valeur théorique de Smoluchowski (12.2 x10-18 m3 s-1). En outre, la 
présence de AF n'a pas semblé avoir un effet significatif sur la valeur de k11 (Fig. vA). 
Comme prévu, le rôle relatif du pH était semblable pour les valeurs de k11 et les efficacités de 
collision avec des valeurs diminuant légèrement pour les valeurs du pH plus élevées (Fig. vA, 
vB). Néanmoins, on n'a observé aucun effet de l'acide fulvique sur les valeurs de k11, alors 
qu'une diminution significative et reproductible des taux d'agrégation était observées à moyen 
ou à long terme. 
 
La variation de k11 à travers la gamme des valeurs de pH examinées ici était inattendue 
puisque dans le régime d’agrégation limité par la diffusion, la réactivité de particules n'affecte 
pas les taux d'agrégation et ni la capacité à diffuser des particules. A pH 6.5, on est proche du 
pHzpc, et on observe une tendance opposée dans les données, c.-à-d., on s’attendait à obtenir 
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une constante de vitesse plus élevée que celle mesurée. Nous avons présumé que la valeur de 
k11 déterminée à pH 6.5 a été biaisé par la présence initiale de petits agrégats dans les 
suspensions d'hématite, réduisant de ce fait légèrement la constante de vitesse de réaction 
parce qu’il y a une réduction du nombre de particules et une diffusion moindre. Cette 
hypothèse a été vérifiée pour les points obtenus en présence d’acides fulviques en changeant 
l'ordre dans lequel les acides fulviques ont été ajouté au système. En fait, on n'a observé de 
différence significative dans les valeurs de k11 quand l'hématite était pré-équilibrée avec les 
AF pour 1 minute ou 12 heures, ceci suggère qu'aucune limitation due à l'adsorption des 
acides fulviques ne se produit et que la présence des agrégats est probablement responsable de 
la diminution des valeurs de k11 à pH 6.5. Une autre explication possible peut provenir de 
l’échelle de temps sur de laquelle les mesures sont faites. Les constantes de taux de 
coagulation ont été déterminées pour les étapes initiales du processus d'agrégation, alors que 
des valeurs d'efficacité de collision étaient déterminées pendant un intervalle de temps 
légèrement plus grand. En effet, au cours des temps courts qui ont été utilisés pour déterminer 
les valeurs k11, aucune différence n'a été vue entre les courbes mesurées en présence ou 
l'absence des AF tandis que les taux d'agrégation ont clairement ralenti au-dessus de plus 
longues périodes. Ceci suggère que la restructuration des agrégats ait pu se produite sur des 
temps plus longs.  
 
 
2.4 La structure des agrégats 
Lors de cette étude nous avons suivi pour une des toutes premières fois l’évolution de la 
dimension fractale au cours du temps et cela grâce à la diffusion de la lumière dynamique et 
statique simultanée (Fig. vi). Les résultats obtenus avec la SLS sont en accord avec la loi 
d'universalité dans la théorie colloïdale d'agrégation ; les dimensions fractales entre 1.6 et 1.8 
sont les valeurs prévues pour les régimes de type DLA. De même, pour les déterminations en 
utilisant la SSDLS, on a observé aucune évolution des exposants de dispersion au cours du 
temps (Fig. vi). Il est a noter que les mesures étaient moins reproductibles à pH 6.5, près du 
point de charge nulle. Les dimensions fractales obtenues en utilisant la SSDLS étaient 
équivalent en présence et en absence de AF. Par exemple, à pH 4, une valeur de df = 1.67 ± 
0.02 a été observée en présence des acides fulviques par rapport à la valeur de 1.68 ± 0.02 en 
absence de matière organique. À pH 6.5 et 9.5, on a observé des résultats semblables aux 
autres pH (pH 6.5 : 1.91 ± 0.02 (avec AF); 1.89 ±  0.02 (sans AF); pH 9.5 : 1.68 ± 0.02 (avec 
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Figure vi. Exposant de diffusion obtenus dans le régime d’agrégation limité par la diffusion en absence d’acide 
fulviques avec 10 mg L-1 d’hématites et 250 mM  KCl, (о) en présence ou en absence () d’acides fulviques. 
 
Bien qu'il y ait eu beaucoup de variations pour les valeurs obtenues en utilisant la microscopie 
électronique à transmission et la détermination par « dynamique scaling », les tendances dans 
les données étaient confirmées. En outre, la valeur plus grande du df obtenue à pH 6.5 est 
conformée par les images TEM et par les facteurs d’efficacité de collisions plus faibles dans 
ces conditions. Le manque d'une différence significative entre les dimensions fractales 
déterminées pour des agrégats formés en présence et en absence d'acide fulviques suggère que 
la réduction observée dans la réactivité des particules n'ait pas dû à un effet significatif sur la 
structure globale ou que la manière de quantifier la structure des agrégats n'était pas 
suffisamment sensible pour distinguer de petites différences structurales. Dans le futur plus de 
temps et de moyen pourraient être consacré à cette question.  
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2.5 Influence de la présence d’un exopolysaccharide  
L'hématite a une mobilité électrophorétique sensiblement négative lorsqu’en présence de 0.5 à 
25 mg L-1 succinoglycane. D'autre part, en présence de 5 mg L-1 d’acide fulvique, l'addition 
de l'exopolysaccharide a réduit la mobilité électrophorétique négative du système ternaire à 
pH faible (Fig. viiA, viiB) tandis qu'au pH élevé, peu d'effet a été noté (Fig. viiC, viiC). Dans 
tous les cas, les mobilités électrophorétiques ont atteint des valeurs  « plateau » pour des 
concentrations relativement basses. Les valeurs de mobilité électrophorétique obtenues 
indiquent que pour toutes les conditions expérimentales en présence d'exopolysaccharide ou 
d'acides fulviques, une répulsion électrostatique significative se produirait en raison d'une 
charge négative significative sur les colloïdes inorganiques. Les résultats de mobilité 
électrophorétiques montrent clairement que la déstabilisation ne provient pas d’un phénomène 
de neutralisation de charge.  
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Figure vii. Effet de l’EPS sur les mesures de mobilité électrophorétiques. Mobilité électrophorétiques des 
particules d’hématies en fonction de la concentration d’acides fulviques et pour différentes forces ioniques, en 
présence et en absence de AF. (A) 5 mM KCl pH 4, () avec AF, ({) sans AF. (B) 250 mM KCl pH 4, () avec 
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FA, ({) sans AF. (C) 5 mM KCl pH 10.5, () avec AF, ({) sans AF. (D) 250 mM KCl pH 10.5, () avec AF, 
({) sans AF. 
 
2.6 Rôle de l’exopolysaccharide sur les cinétiques d’agrégation 
 
i : 3.65 mg C L-1 ii : 5.96 mg C L-1 iii : 14.33 mg C L-1 iv : 43.77 mg C L-1 
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Figure viii. Quatre images de TEM prises à différentes concentrations d’EPS. (A) Evolution temporelle du 
diamètre hydrodynamique moyen des agrégats d’hématites en fonction de la concentration de EPS à pH 4 et 90 
mM de KCl.  0 mg C L-1, z 1.33 mg C.L-1, U 3.65 mg C L-1, T 6.53 mg C L-1,  14.33 mg C L-1,  25.63 
mg C L-1,{ 42.73 mg C L-1, S 47.85 mg C L-1. (B) Facteur d’efficacité de collision relative en fonction de la 
concentration en EPS à pH 4 et 90 mM KCl. 
 
Un graphe typique d’une cinétique d'agrégation est donné ci-dessus pour plusieurs 
concentrations de succinoglycane. Le rapport de la pente initiale a été normalisé par la 
cinétique d'agrégation la plus rapide observée en sel afin de produire la figure viiiB qui 
démontre que la floculation de l'hématite atteint un maximum à une concentration 
intermédiaire d'exopolysaccharide.  
 
Les facteurs d'efficacité d'agrégation relatifs du systèmes ternaires ont été évalués à pH 4, 6.5 
et 10.5. Deux forces ioniques ont été examinées sur la base des données d'agrégation 
observées en l'absence d'exopolysaccharide. Pour les suspensions instables sous le régime de 
l’agrégation limitée par la diffusion, l'addition de l’EPS a eu un effet stabilisateur, 
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particulièrement aux concentrations très élevées en exopolysaccharide. Par exemple, pour 150 
mM de force ionique à pH 4, le taux d'agrégation a été réduit de 50% en présence de 48 mg C 
L-1 d’EPS par rapport au système sans AF. De petites additions d’exopolysaccharides (< 5 mg 
C L-1) ne semble pas influencer les cinétiques d’agrégations dans ce régime au moins pour les 
premiers temps du processus d’agrégation. D’autre part, l’addition de polysaccharide sur des 
suspensions d’hématite et de AF initialement stable induit de la floculation aux concentrations 
intermédiaires en EPS. En dépit de l'augmentation substantielle de la cinétique d'agrégation, 
obtenus par l'addition du polysaccharide, cette vitesse étaient toujours inférieurs aux vitesses 
les plus rapides observées en présence du sel. À pH 6.5 qui correspondait à un pH qui était 
près du point de charge zéro des particules, on a observé peu d'effet de l'EPS supplémentaire 
ajouté et cela dans les deux régimes étudiées :  DLA ou RLA. 
 
En présence de HS seul, les effets électrostatiques semblent être responsables d'une 
stabilisation des particules d'hématites. Etant donné les résultats de mobilité 
électrophorétique,  la déstabilisation observée du système ternaire ne peut pas être due à la 
neutralisation de charge. Puisque les EPS se sont avérés les plus efficaces en déstabilisant 
l'hématite à de basses concentrations et puisque davantage d'addition de l'EPS a eu comme 
conséquence la déstabilisation colloïdale, il est peu probable qu'un mécanisme de floculation 
par déplétion se soit produit. 
 
Une explication raisonnable pour les taux décroissants d'agrégation aux concentrations 
élevées en polysaccharide dans les régimes de DLA et de RLA peut provenir de la 
stabilisation stérique des colloïdes par l'EPS négativement chargé (pour des taux d’adsorption 
élevé). Dans ce cas, on s'attendrait à ce que l'adsorption d'une couche épaisse d'EPS (c.-à-d. 
plus large que la couche de Debye) empêche l'approche des particules colloïdales voisines. 
 
L'addition d'EPS a semblé avoir comme conséquence des structures globales plus lâches qui 
ne correspondent pas forcément à une cinétique de formation plus rapide. En présence de 150 
mM de KCl à pH 4, les exposants de diffusion étaient petits et constants entre 1.71 et 1.73, 
même pour les concentrations élevées d'exopolysaccharide (voir Fig. ix). Cela suggère que 
même si le taux d'agrégation a été réduit en augmentant la concentration d'exopolysaccharide, 
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Figure ix. Dimension fractales obtenues par SSDLS en fonction de la concentration en EPS. (A) pH  4  150 
mM, c 90 mM. (B) pH 6.5  250 mM. (C) pH 10.5  150 mM, c 90 mM. 
 
Toutefois à pH 4 et 90 mM de force ionique ont a observé une diminution des dimension 
fractales de 2.07 jusqu’à 1.79 c’est à dire d’une structure compacte à une structure plus 
ouverte et ceci quand la concentration d’EPS augmentait (voir Fig. ix). À pH 6.5 et 10.5, les 
exposants observés de dispersion ont suggéré les structures globales assez compactes en 
conformité avec la cinétique lente d'agrégation. Les exposants de diffusion ont été obtenus en 
fonction du temps de manière à ce que l’évolution de la structure globale puissent être 
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identifiées et mesurées. Aucune variation significative en fonction du temps n'a pu expliquer 




Dans des conditions environnementales de pH (5-8), de force ionique (1-100 mM) et avec des 
concentrations d’acides fulviques (0.5 10 à mg L-1) qui sont trouvés dans les eaux douces, 
l'adsorption de HS stabilise les suspensions colloïdales d’hématites, comme l’avaient déjà 
démontré des études précédentes (Tipping et al. 1982 ; Wilkinson et al. 1997) à cause d’une 
répulsion électrostatique significative provenant de la couche de HS adsorbés à la surface des 
colloïdes. Les facteurs d'efficacité de collision ont démontré que l'hématite a été relativement 
rapidement déstabilisée à faible force ionique. En présence de AF, des concentrations plus 
élevées en électrolyte sont nécessaires pour provoquer la déstabilisation. 
 
L'addition de faibles concentrations de succinoglycane tend à augmenter  l'agrégation dans le 
régime d'agrégation limité par réaction, ceci est vraisemblablement dû à phénomène de 
floculation par pontage. Pour des concentrations plus élevées en EPS ou pour des colloïdes 
s’agrégeant dans le régime limité par diffusion, l'addition d'EPS a diminué le taux 
d'agrégation, potentiellement dû à une barrière stérique qui empêche la coagulation. La 
structure des flocs formé en présence d’EPS n'a pas pu nécessairement être prévue de leur 
cinétique d'agrégation. Néanmoins, de tels résultats devraient être utiles pour comprendre la 






A large proportion of trace compounds (typically 40 to 90%) are adsorbed to aquatic colloids 
via covalent, electrostatic or hydrophobic interactions (Stumm 1992; Stumm 1996). Based 
upon size and density considerations, colloids will remain suspended in the water column 
such that they and the associated compounds may be transported over long distances. On the 
other hand, coagulation or flocculation can facilitate the elimination of colloids from the 
water column by producing aggregates that are large enough to sediment (Martin et al. 1995; 
Guo and Santschi 1997). In complex systems such as natural waters, colloidal aggregation is 
ubiquitous due to the large number of colloid types and reactive sites. Indeed, size 
fractionation analysis has often demonstrated that each colloid type may be found in all size 
fractions (Newman et al. 1994). This suggests that it is at least as important to understand 
interactions among the colloids as it is to determine the binding energies of trace compounds 
to each colloid type (Buffle et al. 1998). While considerable research has focused on 
determinations of binding constants of trace compounds with colloids (e.g. (Stumm 1992; 
Benedetti et al. 1996; Kinniburgh et al. 1996; Stumm 1996)), relatively few data are available 
on the precise structural properties of the colloids (Buffle 1988) and their interactions in 
natural systems. 
 
In this context, the exact role of natural organic matter (NOM) in freshwaters has yet to be 
resolved. Although it is often shown that NOM can stabilize inorganic colloids in natural 
waters (Tipping and Higgins 1982; Jekel 1986), the opposite phenomenon, i.e. destabilization, 
has also been shown to occur with specific groups of NOM, in particular, the polysaccharides 
(Filella et al. 1993; Wilkinson et al. 1997; Wilkinson et al. 1997) (Fig. 1). 
 
Therefore, in order to understand colloidal aggregation in freshwaters, it is necessary to take 
into account the specific behavior of each of the major groups of NOM by considering 
relevant physico-chemical parameters such as molar mass, size, electric charge density, and 
conformational information such as the persistence length, radius of gyration or fractal 















Figure 1. Several principal stabilization or aggregation reaction among the major colloidal components in a 
freshwater. The lines refer to rigid biopolymers such as polysaccharide, the small points to humic substances and 
the larger spheres to inorganic colloids. Taken from (Buffle et al. 1998) 
 
This information is more difficult to obtain than the corresponding parameters that are 
necessary to model the behavior of inorganic colloids (mainly hydrodynamic radius and 
electric charge density; (Lyklema 1995)). It is therefore not surprising that no generalized 
predictive model of colloidal interactions exists that includes the different types of organic 
macromolecules that comprise the majority of NOM.  
 
The main objective of this study is to examine the interactions of natural model biopolymers 
with a model environmental colloid (oxyhydroxide: hematite) in order to evaluate how natural 
organic biopolymers (fulvic and fibrillar polysaccharides) affect both aggregation rates and 
aggregates structure and to contribute to the understanding of colloidal aggregation in natural 
systems. In order to try to answer to this problem, light scattering techniques in addition to 
other complementary techniques such as transmission electron microscopy (TEM), and micro 
electrophoresis were employed.  
 
1.2 Nature of the aquatic colloids  
Colloids are defined as any organic or inorganic entity large enough to have supramolecular 
structure and properties (e.g. possibility of conformational changes for organic colloids or an 
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electrical surface field for inorganic colloids), but small enough not to sediment quickly 
(hours-days) in the absence of aggregation. This definition implies that the colloidal size 
range will typically be between 1 nm and 1 µm. In freshwaters, colloids include significant 
organic and inorganic components, with the proportions of each component depending upon 
the nature of the water body and surrounding watershed, the vertical and horizontal position 
in the water body, the climate, etc. Typical size distributions and some important 
physicochemical characteristics of the principal freshwater colloids are given in Figure 2 and 
Table 1. Colloidal systems are generally thermodynamically stable. Unstable colloidal 
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Figure 2. Schematic representation, by size, of some of the important organic and inorganic components of 
freshwaters. 
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Table 1. Important physicochemical characteristics of some representative freshwater colloids.  Values are representative (rather than exhaustive).  Where possible, values are 
given for the amorphous phases of the inorganic colloids.  For the inorganic colloids, the site densities refer to the maximum negative charge density for pH >> pHzpc. Taken 
from (Thurmann 1985; Buffle 1988) and (Davis and Kent 1990). 
 
 
 Nature of colloid / macromolecule Molar mass or specific 
surface area  
Site or charge density  Comments 
small, organic molecules including amino 
acids, hydroxy acids, peptides, 
monosaccharides 
Molar mass < 1 kDa variable extremely labile compounds, residence time 
often hours 
humic substances (including fulvic and 
humic acids and the so-called marine humic 
acids) 
Molar mass 0.5 – 5 kDa, 
spherical 
electrical charge of –2 to –11 
meq g-1, mainly carboxylic 
acid dissociation  
Residence time of centuries 
proteins Molar mass 3-100 kDa, flexible  Residence time of hours to days 
reserve polysaccharides Molar mass 10-1000 kDa, 
flexible 
typical electrical charge of –
0.3 – 0.8 meq g-1, minimum 
0, max 6 meq g-1 
some modification of  diameter as a function 
of pH, ionic strength and the presence of 
cations; Residence times of hours to days 
structural polysaccharides Molar mass 10-1000 kDa, 
fibrillar structures, often double 
or triple helical structure 
typical electrical charge of –
0.3 – 0.8 meq g-1, minimum 
0, max 6 meq g-1 
structure often highly dependent upon pH, 
ionic strength and the presence of cations;  






























peptidoglycans Molar mass 10-1000 kDa, rigid 
structures 
 Residence time of months 
amorphous-SiO2 40-260 m2 g-1 4.5 –12 nm-2 pHzpc = 3.0-3.5 
amorphous-FeOOH 160-700 m2 g-1  0.1- 0.9 mol / mol of Fe pHzpc = 7.9-8.1 
amorphous-Al2O3  2-12 nm-2 (crystalline) pHzpc ≈ 9.4 
amorphous- MnO2 260 m2 g-1 6-20 nm-2 (crystalline) pHzpc ≈ 2.3 
kaolinite 10-20 m2 g-1 0.6- 3.6 nm-2 pH at isoelectric point = 3.3-4.6 
smectite 750-800 m2 g-1 0.5 – 1.0 nm-2 pHzpc ≤ 2.5 
allophanes 500-700 m2 g-1 0.4 – 1.2 nm-2    
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1.2.1  Inorganic colloids 
The major inorganic colloids found in oxic freshwaters include (Lerman 1979; Davis and 
Kent 1990; Stumm 1996): alumino-silicates (clays), silica, and iron oxyhydroxyde particles. 
Other inorganic colloids can also be found, but they are usually minor components (e.g. 
aluminum or manganese oxides) or are only present in anoxic waters (e.g. elemental sulfur or 
FeS). Calcium carbonate is found in significant quantities in freshwaters, especially during 
periods of high primary productivity, but it is mostly particulate (i.e. >1 µm). Inorganic 
particles are generally electrically charged due to the isomorphic substitution of ions in the 
bulk solid phase, or to the reactions of surface functional groups with dissolved ions in the 
aqueous phase (Sposito 1993). Apart from the iron oxyhydroxydes which are neutral or 
positively charged in the circumneutral pH range, the major inorganic colloids are generally 
negatively charged in water due to their low zero point of charge (Table 1; (Lerman 1979; 
Buffle et al. 1998)). It is therefore reasonable to represent the submicron inorganic colloids as 
compact, often negatively charged particles that cover the whole colloidal size range.  
 
1.2.1.1 Allochtonous macromolecules: humic substances  
Humic substances (HS) generally represent the largest NOM fraction in freshwaters (typically 
40-80%; (Thurmann 1985; Buffle 1988)). Because they are primarily of pedogenic origin, 
they may also be present in the coastal waters of oceans but are generally absent from the 
pelagic zones. HS are chemically heterogeneous polymers with small molar masses (typically 
~1000 Da; (Leenheer et al. 2001)), high charge densities at neutral or alkaline pH's (Fig. 3A) 
and typical average lifetimes of several hundred years. Due to the significant degree of 
branching of HS, their high charge density (above pH 5; (Hosse and Wilkinson 2001)) and 
degree of hydration (40% strongly bond water; (Buffle 1988)), they are less flexible than 
linear biopolymers such as proteins. In dilute solutions (< 10 mg L-1) at circumneutral pH and 
low ionic strength (≤ 10-2 M), HS generally behave as small rigid globules, with diameters of 
1-3 nm (Figs. 3A, 3B; (Goldberg and Weiner 1994; Balnois et al. 1999; Lead et al. 2000; 
Hosse and Wilkinson 2001)). HS aggregate formation is favored at high concentrations of 
electrolyte, protons (i.e. low pH), HS or divalent cations (Conte and Piccolo 1999; Leenheer 
et al. 2001; Leenheer and Croue 2003). Although HS are sometimes represented as linear 
polyelectrolytes, the linear representation of the HS does not fit with either the experimental 
measurements discussed above or the more modern models that consider HS as highly 
branched molecules (Schulten et al. 1998). Nonetheless, because HS are both chemically 
heterogeneous and polydisperse, both within a given HS sample and with respect to samples 
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isolated from different sources, there is no single useful structural model of a "typical" HS. 
Rather, most of the interesting properties of the HS result from their inherent polydispersity 
and heterogeneity, implying that knowledge of property distributions will be more useful than 
mean values. For the above reasons, much still remains to be learned about the structure of 
HS, in particular, at low (i.e. environmentally relevant) concentrations. 
pH


















































Figure 3A. Electrophoretic mobilities (EPM) and diffusion coefficients (D) of the International Humic 
Substances Society (IHSS) standard Suwannee River aquatic fulvic acid (SRFA) versus pH (U EPM;  D).  
Adapted from (Lead et al. 2000; Hosse and Wilkinson 2001). Figure 3B. AFM image of the IHSS SRFA (10 mg 
L-1, 50 mM NaCl, pH 5.5) adsorbed to mica.  Scan size is 600 nm X 600 nm.  The image shows mainly isolated 
points (as opposed to aggregates) with adsorbed heights that averaged 0.8 ± 0.3 nm. Adapted from (Balnois et al. 
1999). 
 
1.2.1.2  Autochthonous macromolecules:  proteins, lipids and polysaccharides  
In freshwaters, a large number of organic compounds, including polysaccharides, 
aminosugars, peptidoglycans, proteins, polyphenolic compounds, lignins, tannins, DNA and 
polyhydroxybutyrates (Leenheer and Croue 2003), are produced in the water column by the 
exudation or degradation of phytoplankton, aquatic bacteria and aquatic macrophytes. Part of 
the autochthonous organic matter, especially structural components of plankton that are 
resistant to degradation, are subject to recombination and thus are similar to the HS except 
that they are generally more aliphatic and less hydrophilic, with slightly smaller charge 
densities and molar masses (∼800 Da) (Buffle 1988). Other classes of organic 
macromolecules, such as the reserve polysaccharides, are degraded within hours to days of 
their release into the water column (Wetzel 1975). Aquatic proteins generally have a molar 
mass that is in the tens of thousands and a significant proportion of hydrophobic moieties, 
favoring the formation of globules with typical diameters of <3-4 nm (Buffle 1988). 
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Nonetheless, the concentration of free protein in the water column is generally low due to its 
rapid degradation (hours to days) upon microbe death (Smith et al. 1992; Nagata et al. 2003). 
Such observations are consistent with data showing that the amino acid contents of sediment 
traps decline rapidly with depth (Wakeham et al. 1984) and that protease activity is high in 
surface water aggregates (Amy et al. 1987). 
 
Structural, fibrillar polysaccharides and peptidoglycans are also released from plankton as 
exudates or cell wall components (Wetzel 1975; Strycek et al. 1992; Jensen and Corpe 1994; 
Leenheer 2000). They can constitute a significant proportion of freshwater NOM, varying 
seasonally between ca. 5-30% in the surface waters of lakes (Figure 4; (Wilkinson et al. 1997; 
Leenheer 2000)) and often accounting for an even larger proportion of the NOM in the 
surface waters of marine systems (Aluwihare et al. 1997; McCarthy et al. 1998; Santschi et 
al. 1998). In marine systems, fibrillar polysaccharides have been shown to be refractory 
enough to be found in the deep ocean where they may have lifetimes of hundreds of years 
(Guo and Santschi 1997) while peptidoglycans appear to be degraded much faster (turnover 
time of weeks to months; (Nagata et al. 2003)). Freshwater polysaccharides are generally 
quite rigid due to a large quantity of strongly bound hydration water (up to 80%) and the 
association of the molecules into double or triple helices that can be stabilized by hydrogen or 
calcium bridges (Morris et al. 1980). TEM and AFM images of freshwater and marine 
biopolymers (e.g. Fig. 4 ; (Santschi et al. 1998; Wilkinson et al. 1999)) show that their total 
length may be larger than 1 µm, whereas their thickness is often only a few nm. Furthermore, 
because they are often charged molecules (i.e. charge densities of the polysaccharides are 
typically in the range of 0 to -0.8 meq⋅g-1, (Buffle 1988)) such that their conformations can 
change as a function of the pH and ionic strength (Fig. 4A, 4B). Indeed, in natural waters, the 
charge density of the natural organic polyelectrolytes is often lower than their maximum 
value due to:  partial protonation, complexation by metals and electrolyte screening. In 
addition to the association of molecules into dimers and trimers, aggregation of those 
structures is thought to lead to the formation of rigid, poorly defined structures including gels, 









Figure 4A. AFM image of the bacterial (Rhizobium melioti) polysaccharide, succinoglycan (10 mg L-1) in water.  
Scan size 500 nm x 500 nm.  Figure 4B. AFM image of succinoglycan (10 mg L-1) in 0.01 M KCl.  Scan size 
705 nm x 705 nm. Figure 4C. AFM image of succinoglycan (10 mg L-1) in 0.5 M KCl.  Scan size 2.3 µm x 2.3 
µm.   
 
1.3 Colloidal interactions : principal mechanism 
Little work has directly examined the role of biopolymers on the flocculation process. Based 
on the literature examining synthetic polymers, one would expect biopolymers to influence 
the above processes either by being adsorbed to the colloidal surface (Dickinson and Eriksson 
1991) or by being expulsed from the area between the particles (depletion layer) (Jenkins and 
Snowden 1996; Tuinier et al. 2003). Indeed, the adsorption of small quantities of polymer is 
known to facilitate colloidal aggregation due to (i) bridging flocculation or (ii) charge 
neutralization while the adsorption of larger quantities is thought to restabilize the colloidal 
suspensions due to (iii) charge inversion or (iv) steric restabilization. The presence of large 
quantities of non adsorbing biopolymer can result in an excess pressure that pushes the 
colloids together, resulting in a destabilization of the colloidal suspension (i.e. depletion 
flocculation).  The adsorption of natural biopolymers to dispersed mineral particles can be 
facilitated by Coulombic interactions, surface complexation, hydrogen bonding, hydrophobic 
interactions and even surface catalyzed polymerization reactions (Gregory 1996; Tombacz et 
al. 1999). In spite of an important literature on the physico-chemical properties of the 
polymers and their interactions with compact colloids (e.g. (Tanford 1961; Fleer et al. 1993)), 
there is no general theory for aggregation involving biopolymers. One of the principal 
difficulties when evaluating the role of biopolymers on the aggregation process is that the 
conformation of the adsorbed biopolymer will greatly influence whether the colloidal system 
is stabilized or destabilized. Several parameters, including the affinity of the biopolymer for 
the particle surface, its chemical structure and molar mass, and the physicochemical 
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conditions existing at the particle-water interface will greatly influence the conformation of 
the macromolecule on the particle surface (Fleer et al. 1993). 
 
1.3.1  Charge modification 
A quantitative understanding of the role of biopolymer (polyelectrolyte) adsorption on 
colloidal stabilization/destabilization processes requires knowledge on: (i) the variation of the 
thickness of the adsorbed layer as a function of pH and ionic strength; (ii) the repulsive forces 
between non-covered particles; (iii) the competition between polymer segments and ions for 
surface sites and (iv) the potential energy barrier between the adsorbed polymer and the 
solution.  
 
Destabilization by charge neutralization generally occurs at low concentrations of biopolymer 
for which the repulsive Coulombic forces between the particles, reflected by low  
electrophoretic mobilities or zeta potentials, approach zero (Gregory 1987; Gregory 1996). 
For a strong interaction between the biopolymer and the colloidal surface, adsorption and a 
subsequent charge inversion (and re-stabilization) is possible. Over time, the strongly 
adsorbing polymer will have a tendency to be flattened on the surface of the particle, greatly 
reducing the opportunity for interaction with other particles. In this case, the charge density of 
the polymer is more important than its molar mass. 
 
Figure 5. Electrostatic patch model for the interaction of negatively charged particles with adsorbed cationic 
polyelectrolyte. Taken from  (Gregory 1987). 
 
Gregory demonstrated that in certain cases, the aggregation rate depended upon the molar 
mass of the polymer and the ionic strength of the solution (Gregory 1973). This mechanism is 
generally observed when particles having a low charge density are neutralized by 











































occur that results in the arrangement of the polyelectrolytes in patches on the particle surface 
(Gregory 1996) (Fig. 5). The most important consequence of the charge heterogeneity is that 
oppositely charged regions of different particles can react, even in the presence of an overall 
negligible particle charge. In that case, at low ionic strength, maximal aggregation rates will 
be greater than those observed in the presence of a simple electrolyte. At high ionic strength, 
the additional attraction is reduced and the aggregation rate will approach that observed for a 
simple charge neutralization. 
 
1.3.2  Bridging flocculation  
Bridging flocculation occurs when the loops and tails of a polymer adsorbed to one particle 
become attached to one or more other particles. The process is most important for polymers 
which have several points of attachment on the colloidal surface and are large enough to have 
free segments (loops and tails) outside the zone of electrostatic repulsion such that they are 
available to bind to other surfaces. The surface coverage of the adsorbed polymer appears to 
be a fundamental parameter controlling the probability of bridging (La Mer 1966) with the 
half surface coverage postulated as the optimum condition for flocculation to occur (Healy 
and La Mer 1964). While flocculation can occur for polymers that are at equilibrium with the 
colloidal surface (Pelssers et al. 1989), non-equilibrium flocculation, occurring before the 
polymers are able to completely collapse on the colloidal surface, is thought to predominate 
(Gregory 1988). In that case, the dynamics of bridging flocculation are related to both the 
thermodynamics and kinetics of polymer adsorption, including: transport of the polymers to 
the colloidal surface, attachment of the polymer to the surface and relaxation (reconformation) 
of the attached polymers. Furthermore, the time that the polymer remains in its non-
equilibrium conformation will be an important parameter controlling flocculation efficiency. 
The time scale will be influenced by the particle/polymer ratio, the size of the particle, the 
surface area of the particle, the adsorption energy of the polymer segments and the collision 
frequency among the particles (Stoll and Buffle 1996; Biggs et al. 2000). The polymer 
rigidity (Walker and Grant 1996), charge and spacing of charged groups, the polymer dosage, 
the particle surface charge (Walker and Grant 1998) and the particle mixing regime (Adachi 
et al. 2002) are also important parameters controlling the flocculation efficiency (Biggs et al. 
2000). For neutral polymers, the optimal polymer dose will also depend upon the molar mass 
of the polymer and the ionic strength. In that case, larger polymers will flocculate particles 
more efficiently while a higher ionic strength will decrease the electrostatic repulsion among 
particles so that fewer polymer molecules are required to attain the same effect. In the 
 11
presence of charged polymers, both polymer and colloid charge are influenced by the ionic 
strength. An increased ionic strength will generally decrease the rigidity of polyelectrolyte 
chains resulting in more limited possibilities for flocculation. On the other hand, as above, the 
interparticle repulsive forces are screened at high ionic strength, allowing for an easier 
approach of the particles. For this reason, optimal bridging of particles by polyelectrolytes 
will generally occur at intermediate charge densities or salt concentrations (Matsumoto and 
Adachi 1998). 
Figure 6. Schematic illustration of (a) bridging flocculation and (b) restabilization by excess adsorbed polymer. 
Taken from (Gregory 1987). 
 
It is relatively difficult to distinguish between the bridging and charge neutralization 
mechanisms. In the presence of neutral polymers, there is little doubt that bridging 
flocculation is responsible for particle aggregation. On the other hand, polyelectrolytes can 
both reduce electrostatic repulsion and act as bridging molecules. A charge neutralization 
mechanism is generally identified for cases in which the optimal polymer dosage (maximum 
aggregation rate) (i) coincides with a zero zeta potential; (ii) decreases with increasing 
polymer charge density and (iii) increases proportionally with particle concentration (Vincent 
1974; Ferretti et al. 1997). In the presence of polyelectrolytes, the simple charge 
neutralization mechanism is not sufficient to explain the flocculation of colloidal particles for 
(i) failures of the above observations; (ii) effects due to the molar mass of the polymer (width 
of the flocculation zone; shifts in the optimal dosage) or (iii) an observation of a higher 
aggregation rate than would be observed in the presence of a simple electrolyte (Gregory 
1973; Vincent 1974). Discrepancies have been attributed to both an uneven distribution of 
charge on the particles (electrostatic patch model, (Gregory 1973)) or to the likely possibility 
that both flocculation and charge neutralization mechanisms are likely to occur 
simultaneously (Vincent 1974). 
(a) (b)  
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1.3.3  Depletion flocculation 
Depletion flocculation occurs for cases in which the polymer has a stronger affinity for the 
water than it does for the particle surface (or a polymer covered particle surface). In that case, 
the polymer remains predominantly as a nonadsorbing coil in the solution phase. When the 
particles in solution approach each other to a distance that is less than the effective polymer 
diameter (i.e. twice the gyration radius), then the polymer will be excluded from the space 
between the particles, reducing its concentration with respect to the bulk solution. The 
imbalance of osmotic pressure generates an attractive force among the particles, causing 
flocculation. The driving force for the existence of the depletion zone is due to 
conformational entropic restrictions of the polymer coils that are not compensated by an 
adsorption energy (Jenkins and Snowden 1996). In the presence of a sufficient quantity of 
nonadsorbing polymer, the interparticle interaction energy curve shows a secondary minimum 
at a distance corresponding to twice the radius of gyration of the polymer. Recent direct 
measurements of the interparticle interaction forces by atomic force microscopy have 
confirmed that the depth of the secondary minima increased with increasing free polymer 
concentration (Milling and Vincent 1997; Biggs et al. 2000). The most important parameter 
governing depletion flocculation in aqueous solutions is the size of the polymer with respect 
to the particle (Otsubo 1996). Although an increase in molar mass has opposing effects on the 
depletion energy (Burns et al. 2002), overall, an increase of the particle concentration or an 
increase of the molar mass of the polymer will favor depletion flocculation (Sperry et al. 
1981; Burns et al. 1999; Biggs et al. 2000; Burns et al. 2002). 
 
Figure 7. Exclusion of polymer from between particles at close separation leading to depletion flocculation. 




1.3.4  Steric stabilization 
The adsorption of large concentrations of a neutral polymer or polyelectrolyte can lead to 
steric stabilization. In this case, the particle surface is saturated with polymer such that the 
polymer loops and trains form a relatively thick layer (several nm) of adsorbed polymer. 
Stabilization depends upon several factors including the thickness of the adsorbed polymer 
layer, the size of the particles and the effective Hamaker constant of the covered particles. 
Indeed, the spatial extension of the adsorbed layer must be thick enough to prevent the 
particles from approaching to distances at which London- van der Waals attractive forces 
become significant. Although, the adsorbed polymers may overlap and become compressed, 
such overlap is generally unfavorable, due to a strong repulsion that increases very sharply 
with increasing penetration (Tadros 2003). Because van der Waals attractive forces increase 
with particle size, larger particles require thicker polymer layers to ensure a similar particle 
stability. Note that for concentrations of polymers that are greater than those required for 
steric stabilization, the excess polymer will remain unadsorbed in the bulk solution, 
potentially leading to depletion flocculation. 
 
1.4 Colloidal interactions in freshwaters 
In most oxic waters, Pareto law size distributions (Filella and Buffle 1993) and microscopic 
imaging (e.g. (Filella et al. 1993; Perret et al. 1993)) obtained in the nanometer to micrometer 
size range suggest that colloids are often found associated in aggregate structures (Buffle and 
Leppard 1995) rather than existing solely as isolated entities. Based upon the physicochemical 
nature of natural organic matter and the known mechanisms leading to stabilization or 
flocculation, the section below summarizes the current understanding of the aggregation 
properties of the major aquatic colloids. 
 
1.4.1  Homocoagulation 
Colloids may aggregate among themselves (homoaggregation) or among other colloid types 
(heteroaggregation). In homoaggregation, the electric field is always repulsive, whereas it 
may be attractive or repulsive in heteroaggregation, depending on the nature of particles. An 
apparent contradiction in environmental colloidal sciences is that models invoking 
homoaggregation have been reasonably successful in predicting colloidal / aggregate size 
distributions in natural waters (Filella and Buffle 1993; Newman et al. 1994), despite the 
obvious large chemical heterogeneity of colloids in freshwaters. Such an observation is 
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probably due in part to the fact that, in natural waters, most inorganic colloids are covered by 
an adsorbed layer of HS (Davis and Gloor 1981; Tipping and Higgins 1982; Tombacz et al. 
1999) that can modify their surface charge, resulting in an “effective” single class of 
compounds with similar surface properties. Homoaggregation of HS covered inorganic 
colloids is usually a slow process due to a low collision efficiency resulting from a significant 
repulsive charge of the surface bound HS. This results in compact aggregates that do not 
exceed 1 micron even after 1 week (Filella and Buffle 1993) and are unlikely to be 
responsible for major sedimentation fluxes.  
 
Little is known about the aggregation of HS (Clapp and Hayes 1999). More traditional 
opinion proposes that observations of large HS entities can be attributed to that fact that the 
HS are polymers that can assume a random coil conformation in solution (Swift 1999). 
Another view suggests that large HS entities are, in fact, associations of relatively small 
molecules held together by weak interaction forces including hydrophobic forces and 
hydrogen bonds (Piccolo 2001). Although the conceptual model for HS aggregation is still 
under discussion, it is clear that HS can form large macromolecular structures or aggregates in 
aqueous media at low pH (Balnois et al. 1999) (Fig. 8), in the presence of multivalent ions 
(Plaschke et al. 2002), or in the solid state, such as in soils. Indeed, homoaggregates of HS 
have been observed by light scattering (Pinheiro et al. 1996; Tombacz et al. 1997), 
turbidmetry (Senesi et al. 1997), fluorescence spectroscopy (Engebretson et al. 1996), atomic 
force microscopy (Balnois et al. 1999) and fluorescence correlation spectroscopy (Lead et al. 
2000), even in the pH range 5-8 for which COOH groups of the HS are predominantly 
dissociated (Hosse and Wilkinson 2001). Under these conditions, HS can be considered as 
charged globules and DLVO theory would appear to be at least partly applicable (Tombacz 
and Meleg 1990), although for such small, chemically heterogeneous colloids, hydration 
effects, hydrogen bonding, non polar interactions, polyvalent cation interactions (Kam and 
Gregory 2001) and reversible aggregation must also be considered.  Indeed, in an attempt to 
explain the observed slow disaggregation kinetics of a peat humic acid, Avena and Wilkinson 
(Avena and Wilkinson 2002) postulated that at least two different disaggregation mechanisms 
were involved simultaneously. Although the disaggregation rate increased significantly above 
the pH corresponding to the deprotonation of the carboxylic groups, another mechanism, 
likely involving the breaking of hydrogen bonds holding the HS aggregate together, was also 
identified. Note finally, that in contrast to what is generally assumed in the DLVO models, 
aggregation, though slow, was reversible. 
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In order to understand the formation of biological flocs and biofilms, it is extremely important 
to determine the mechanisms for the homoaggregation of other biopolymers than the HS, 
including polysaccharides, peptidoglycans and proteins. In recent years, there has been a 
substantial increase of interest with respect to protein aggregation and its implications in the 
biomedical literature (reviews: (Harper and Lansbury 1997; Dobson 1999)). As mentioned 
above, protein aggregation in freshwaters is not thought to be important due to the high 
lability of the proteins in the water column. 
 
In biofilms, polysaccharides appear to play a predominant though not singular role (Neu and 
Lawrence 1999).  Most investigations of the physicochemical behavior of polysaccharides in 
solution have concentrated on their conformational helix-coil transitions and their interactions 
with metal ions.  These contributions have demonstrated that transitions between a helical and 
random coil conformation are dependent upon temperature, pH, ionic strength and calcium 
content (Crescenzi et al. 1992; Balnois et al. 2000). Less attention has been paid to the self 
association of the polysaccharides, including their gelation properties. Furthermore, most 
work in the field of gelation has examined polysaccharides used in encapsulation and/or 
physicochemical techniques such as electrophoresis rather than freshwater polysaccharides. In 
addition to the intermacromolecular coordination bonds of metal ions, hydrogen bonds and 







Figure 8. Tapping mode atomic force microscopy (TM-AFM) of the U.K. Geological Survey peat humic acid 
(PHA).  Fig. 5A. TM-AFM of a 10 mg L-1 PHA solution adsorbed on mica at  pH 3.2, 5 mM NaCl.  Scan size is 
2 µm x 2 µm.  Fig. 5B. TM-AFM of a 10 mg L-1 solution adsorbed on mica at  pH 6.8, 5 mM NaCl. Taken from 
(Balnois et al. 1999) 
 
1.4.2 Heterocoagulation:  role of HS 
As discussed above, HS diameters are typically 2-3 nm. Therefore, the interaction of the HS 
with colloids larger than 10-20 nm corresponds to their adsorption (Sposito 1984; Gu et al. 
1994) and results primarily in a modification of the surface properties of the colloid (surface 
potential and dielectric constant). Indeed, inorganic colloids in contact with HS tend to have a 
similar negative surface charge (Davis and Gloor 1981; Tipping and Higgins 1982; Beckett 
and Le 1990; Tombacz et al. 1999), irrespective of their intrinsic chemical nature.  In the 
normal ranges of pH (5-8), ionic strength (1-50 mM) and HS concentrations (0.5 to 10 mg L-
1) that are found in freshwaters, HS adsorption should stabilize colloidal suspensions (Tipping 
and Higgins 1982; Gibbs 1983; Amal et al. 1992; Wilkinson et al. 1997), due to a significant 
electrostatic repulsion among the HS covered colloids. The net effect will depend on surface 
coverage of the mineral surface by the HS and the corresponding degree of charge 
neutralization. For model compounds, it has been shown that the adsorption of negatively 
charged polyelectrolytes on positively charged colloids may also result in destabilization but 
only for a limited range of surface coverages, i.e. those very close to charge neutralization 
(Liang and Morgan 1990; Ferretti et al. 1997). Laboratory studies of both metal oxides and 
clays (Tipping 1981; Tipping and Higgins 1982; Gibbs 1983; Wilkinson et al. 1997), suggest 
that strong adsorption of the HS occurs and that very low concentrations (≤ 1 mg L-1) are 
sufficient to stabilize colloidal particles for colloid concentrations that are typical of natural 
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waters (< 10 mg L-1) (Fig. 9). Where coagulation does occur, a low collision efficiency is 









          A                            B                         C 
Figure 9.  Transmission electron microscopy of hematite (Fe2O3) colloids in the presence of (A) 0, (B) 0.7 and 
(C) 4.9 mg L-1 of added Suwannee River standard natural organic matter (pH 7).  Bars in the figure correspond 
to 500 nm.   
 
Although the steric repulsion of inorganic colloids by adsorbed HS might be thought to 
increase the stabilization effect compared to electrostatic repulsion alone, it is unlikely to be 
significant, given that the thickness of adsorbed HS molecules is small (few nm on mica; 
(Balnois et al. 1999; Plaschke et al. 1999), Fig. 9). Indeed, these results (Balnois et al. 1999) 
show that it is unlikely that multiple layers of HS form on mica by adsorption from dilute 
solution (<10 mg L-1) at circumneutral pH. Note that it might be possible to arrive at a 
different conclusion for colloid suspensions in marine systems where due to ionic strength 
effects (compression of the Debye layer), the Debye layer can be of a similar order of 
magnitude as the adsorbed HS layer. 
 
1.4.3  Heterocoagulation:  role of rigid polysaccharides and peptidoglycans  
In freshwaters, fibrillar material likely corresponding to rigid polysaccharides or 
peptidoglycans can be observed in surface waters of the water column, especially in zones 
predominated by photosynthetic plankton (especially phytoplankton and cyanobacteria) (Fig. 
10). These long chain, semi-rigid biopolymers contrast with the organic material remaining in 
solution at depth which is primarily “processed” organic material. Furthermore, during 
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periods of high productivity, inorganic colloids are depleted in surface waters at depths 
corresponding to the maximum production of polysaccharides (Wilkinson et al. 1997). In 
laboratory experiments, flocculation has been shown to increase with increasing 
concentrations of added polysaccharide while showing the opposite tendency in the presence 
of humic substances. Finally, microscopic images of freshwater aggregates (e.g. (Buffle and 
Leppard 1995; Pizarro et al. 1995)) often show small inorganic colloids embedded into a 
network of fibrillar material. 
 
For the heterocoagulation of compact colloids and fibrils, chemical reactivity is expected to 
depend on the electric charge, van der Waals forces, hydrogen and coordination bonds, as 
well as hydrophobic interactions of the two entities, as would be the case for 
homocoagulation. On the other hand, since most fibrillar biopolymers have a zero or slightly 
negative charge density, electrostatic repulsion and thus the energy barrier preventing 
aggregation will be small. Furthermore, due to the formation and interactions of helices 
comprising the rigid biopolymers, their thickness and thus the van der Waals forces of the 
fibril segments may be significantly larger than for a corresponding segment of a single chain.  
Because freshwater fibrils may be much longer than the diameter of the colloids (Table 1), 
they can serve as rigid (or semi-rigid) long distance bridges between the colloids.  
Furthermore, attached, compact colloids may serve as the binding center for polymers, 








Figure 10.  AFM image showing some important organic macromolecules isolated from a Lake Geneva surface 
water sample at 15 m (A) and 309 m (B).  Scan size was 5 µm x 5 µm at 15 m and 3 µm x 3 µm at 309 m.   
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Indeed, several recent studies of model systems have demonstrated that small concentrations 
of polymer can facilitate the bridging flocculation process (e.g. polystyrene latex and 
methylcellulose or polyvinylpyrrolidone, (Csempesz 2000); silica and polyacrylamide, 
(Solberg and Wagberg 2003); alumina and modified polyacrylamide, (Glover et al. 2000; 
Ovenden and Xiao 2002)). In these colloidal systems, flocculation is often first observed at 
lower concentrations followed by stabilization at significantly higher ones. For example, 
Solberg and Wagberg (Solberg and Wagberg 2003) observed bridging flocculation of silica 
nanoparticles for an addition of 0.4 mg L-1 polyacrylamide and dispersion due to 
electrosterical stabilization for concentrations exceeding 1.2 mg g-1 of the polymer. 
Nonetheless, only a few studies have examined the bridging flocculation process in the 
presence of microbial polysaccharides and environmental colloids. For example, Labille et al. 
(Labille et al. 2003) recently showed that the anionic bacterial polysaccharide succinoglycan 
induced the destabilization of a polydisperse suspension of montmorillonite, presumably by 
bridging flocculation. Using dynamic light scattering, Ferretti et al. (Ferretti et al. 1998) 
demonstrated bridging flocculation of hematite colloids by the neutral triple helical 
schizophyllan. In that case, environmentally realistic (low) polysaccharide concentrations, i.e. 
< 1 mg C L-1 were observed to induce bridging flocculation. At higher and lower 
polysaccharide concentrations, the hematite suspensions were stabilized. 
 
1.4.4  Heterocoagulation : contributions of other types of organic matter  
To our knowledge, there is very little specific information on the interactions of the proteins 
or reserve polysaccharides with inorganic surfaces in natural waters. Some recalcitrant 
proteins have the potential to play a role similar to that of HS in fresh waters, since they are 
small (hydrodynamic diameters of 1-5 nm) polymers with hydrophobic moieties that will 
favor their adsorption on surfaces as thin films. Indeed, for model systems, a stabilizing role 
of certain flexible polysaccharides has also been demonstrated.  For example, the adsorption 
of the flexible (globular) polysaccharide, dextran (40, 150 and 500 kDa), stabilized 
monodisperse suspensions of sulfate- and amidine- modified polystyrene colloids, similar to 
what was observed for a HS (Walker and Mustafa 2001). Although all of the biopolymers 
stabilized the colloidal suspensions, the HS and the large molar masses of dextran were the 
most effective in reducing the rate of aggregation of the colloidal particles. On the other hand, 
none of the biopolymers fragmented already formed aggregates (in contrast to the results 
observed in Fig. 6 and references (Ouali and Pefferkorn 1994; Pefferkorn and Ouali 1994)).  
In another study, the adsorption of even extremely large molecules of a flexible polymer, 
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polyacrylic acid (molar masses of 1-2 x 106 Da), did not result in surface thicknesses 
exceeding 13 nm (Zhang and Buffle 1995) discounting the role of a potential steric 
stabilization. In this case, the polyacrylic acid was clearly demonstrated to induce coagulation 
by charge neutralization, irrespective of its molar mass (Ferretti et al. 1997). Indeed, coil-like 
polymers will tend to collapse at the colloid surface due to a strong electrostatic attraction, 
especially for interactions between oppositely charged colloids and biopolymers. 
Furthermore, most flexible biopolymers in aquatic systems have molar masses which are too 
small to produce significant layer thicknesses. Nonetheless, the role of large extended 
biopolymers such as alginic acid have been largely unstudied (with the possible exception of 
their role in biofilms, e.g. (Sutherland 1999)).  In this study, the role of the model biopolymer 
succinoglycan will be examined in greater detail. It is thus appropriate to examine the 
physicochemistry of this bacterial polysaccharide. 
 
1.5 Succinoglycan  
Rhizobium, Agrobacterium, Alcaligenes and Pseudomonas are the principal species able to 
produce succinoglycan. The bacterium used in this study, Rhizobium meliloti, lives in 
symbiosis with certain plants, mainlyleguminous plants. The exopolysaccharides that are 
produced play an important role in the adhesion process to the root (Reuber et al. 1991). It 
was isolated for the first time by Harada (Harada et al. 1965), starting from a culture 
containing Alcaligenes faecalis var. myxogenes, which are present in the soil. Succinoglycan 
is an anionic bacterial water-soluble polymer, with an octosaccharide repetitive unit formed 
with 7 D-glucose and 1 D-galactose connected by glycosidic connections β-(1,3), β-(1,4) or 
β-(1,6) (D-Glu: D-Glucose, D-Gal: D-galactose) (Harada 1965; Harada et al. 1965)  (see 
Figure 11). On this skeleton is added pyruvate, succinate and in certain cases acetate groups 
confering to this exocellular polysaccharide a global negative charge. The primary structure of 
succinoglycan is thus the following. The tertiary structure of succinoglycan is variable. It 
depends on the physicochemical parameters of the bulk solution such as the temperature 
(Gravanis et al. 1990) and the ionic strength (Balnois et al. 2000) as well as characteristics of 
polymer including its molar mass and its concentration. Indeed, in a solution of low ionic 
strength succinoglycan is found as a single chain or as an aggregate of several tangled chains 
while at high ionic strength it adopts the form of a simple or double helix in which the 
carboxylic groups are localised on the outside of the molecule. Such a conformation is 
possible due to the cations present in the solution which are able to screen the negative 
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charges of the carboxylic groups, thus decreasing the electrostatic repulsive forces and 
allowing the single chains to have contact.  
 
Figure 11. Chemical structure of succinoglycan. Taken from (Ridout et al. 1997). 
 
1.5.1 Single chain studies 
In 1998 Kaneda (Kaneda et al. 1998) studied the properties of Rheozan® by light diffraction 
and viscosity measurements at 25°C and 75°C. Rheozan® is a succinoglycan produced by 
Agrobacterium tumefacians which has a glucose:galactose:pyruvate:succinate molar ratio of 
7:1:1:0.8 in dilute NaCl solutions . Parameters "worm” like chain model  (used as ideal 
model) were evaluated by the authors. These parameters are the molar mass per unit of length 
of peristance Q and the diameter of the chain. The authors concluded that Rheozan is 
dissolved as a double helix at 25°C and is molten at 65°C in 0.1 NaCl mol L-1. They obtained 
molar masses of 1.4 to 10.46 x 106 g mol-1 at 25°C and of 0.7 to 6.97 x 106 g mol-1 at 75°C 
with a length of persistence of 250 nm. 
 
Borsali and al. (Borsali et al. 1995) showed that the succinoglycan behaves like a  simple 
chain at low polymer concentrations (< 50 mg L-1) and is organized in double chains or 
segments of dimeric chains at least on local level at high concentrations (> 100 mg L-1). They 
used light scattering and small angle neutron scattering in solutions in absence of salt.  They 
also showed that a large quantity of aggregates are present in the initial solution at the native 
state. 
 
More recently, Burova et al. (Burova et al. 1996) interpreted the results of their calorimetric 
studies on succinoglycan by suggesting that the native polysaccharide was a helical dimer and 
that the order-disorder transition implied two stages: the dissociation of the dimer and the 
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fusion of the resulting helicoid monomers. In this case, the helicoid structure of the single 
chain and the structure of helicoid dimer would be restored during cooling. Nonetheless the 
interpretation of these results was criticized by Boutebba et al. (Boutebba et al. 1997).  
 
Balnois et al. (Balnois et al. 2000) recently used atomic force microscopy to study the 
conformation of the succinoglycan in weak concentration (10 mg L-1) deposited on a mica 
substrate. They found that the succinoglycan was formed of disordered simple flexible chains 
in the absence of salt and in a helical form for a concentration of 0.01 M KCl. Moreover, 
when the concentration was high (0.5 M), macromolecules were observed to form a 
gelatinous structure of succinoglycan aggregates. The contour lengths were 770 nm and 563 
nm when going from the rigid chain in water to the flexible chain in 0.01 M KCl and the 
diameters were 0.64 to 0.44 nm. 
 
1.5.2 Intermolecular associations 
The rheological behaviour of polysaccharides varies with the temperature. For example, when 
succinoglycan is heated below its transition temperature for the first time an irreversible loss 
of molar mass and viscosity occurs during  cooling (Gravanis et al. 1990). Using light 
scattering, and spectroscopy, calorimetric and viscosity measurements, Dentini et al. (Dentini 
et al. 1989) showed that the aggregated state in which helical forms of single chains were 
connected laterally by their side chains. Aggregation and the conformational order were was 
disturbed during the heating. During cooling in an aqueous solution of NaCl, only the helicoid 
state of the exopolysaccharide skeleton was restored at a rate strongly depending on the slat 
concentration. These results were later confirmed (Gravanis et al. 1990) on the basis of the 
rheological behaviour of succinoglycan in diluted and semi-diluted solutions in the presence 
of salt, where the authors showed that the conformation of the native helicoids conformation 
and those obtained following several cycles of heating-cooling (T > Tm) were the same.In the 
absence of salt, a helicoid structure was favoured with a transition from a stretched helix to a 
flexible coil. On the other hand, the intrinsic loss of viscosity and the loss of molar mass 
obtained after heating (T > Tm) did not seem to correspond to the dissociation of a dimer 
formed by two single helices. Gravanis et al. suggested that ruptures in the principal chain 
were stabilized by interactions between the principal chain and side chains released during the 
first order-disorder transition (Gravanis et al. 1990).  
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Ridout et al. (Ridout et al. 1997) suggested, on the basis of a rheological study, that a 
reversible aggregation would occur which would depend on the content of the succinyl and 
acetyl substituents. These results confirmed those obtained in 1989 by Fidanza and al. 
(Dentini et al. 1989) which showed the influence of the charged groups on the conformational 
stability of succinoglycan in aqueous diluted solution. A partial suppression  lead to a notable 
increase in the conformational stability of the resulting derivatives. This neutral 
polysaccharide showed a behaviour of transition independent of the added NaCl 
concentration. 
 
Boutebba and al. (Boutebba et al. 1997; Boutebba et al. 1999) characterized intermolecular 
associations of succinoglycan using steric exclusion chromatography. They found that the 
interchain associations, become more stable (with time) at temperatures slightly lower than 
the temperature of conformational transition Tm. These associations seem to modify only very 
slightly (< 0.1°C) the Tm measured by calorimetry. Moreover, the suppression of the succinyl 
groups did not modify the behaviour of the succinoglycan, such that these the authors made it 
clear that the side chains did not play a key role in interchain associations . 
 
1.6 IHSS Suwannee river fulvic acid 
Humic substances (HS) including fulvic acids (FA) are a major component of natural organic 
matter in freshwaters (typically 40-80%; (Thurmann 1985; Buffle 1988). They originate from 
the transformation of plant and animal matter into relatively stable, polydisperse 
macromolecules that have molar masses ranging from hundreds to a few thousands of Daltons 
(Buffle and Leppard 1995; Buffle et al. 1998). They are found in most soils, sediments, and 
natural waters. They may also be present in the coastal waters of oceans but are generally 
absent from the pelagic zones. Along with aquagenic polysaccharides, they play a major role 
with respect to the transport of colloids and their associated contaminants in lakes and rivers 
(Buffle et al. 1998).  
 
The characterization of HS is a major problem because of their size and structural 
heterogeneity and their tendency to aggregate in solution when their concentration increases. 
In addition, these compounds are polyelectrolytes (many dissociable sites). The electric 
charge comes from the dissociation of the carboxylic (-COOH) and phenolic (φ-OH) sites 
(Fig. 12). Carboxyl groups correspond to approximatively 6.8 mmol g-1 and phenolic groups 
2.9 mmol g-1 (Goldberg and Weiner 1995). The majority of the properties of the molecules 
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(e.g. aggregation, hydration, metal complexation, adsorption on surfaces) will depend on the 
charge of the molecules and the dissociation of surface functional groups. Independent of the 
mode of extraction/fractioning that is employed, a mixture of HS is always obtained such that 
the measured parameters are average parameters that depend on a distribution function. 
 
Molar masses as of the acids fulvic are approximately 500-1500 g mol-1, whereas those of the 
humic acids is generally accepted to be larger. The radius of the HS is thought to increase 
gradually between pH 1 and 10 due to the dissociation of carboxyl and phenolic groups 
leading to an increase of the charge density and thus the deployment of the molecule (Varney 
et al. 1983). In dilute solutions (< 10 mg L-1) at circumneutral pH and low ionic strength (≤ 10 
mM) Lead et al. (Lead et al. 2000) have shown  that the humic acids, and in particular the 
Suwannee river fulvic acid s generally composed of small rigid macromolecules (∼ 1.5-2.5 
nm of diameter) rather than aggregates. Observations made with atomic force microscopy 
have shown that the particles are reasonably monodisperse. Lead et al. showed a weak but 
significant reduction in the coefficient of diffusion when the pH decreased to value around its 






Figure 12. Four proposed average structural models of fulvic acids. Taken from (Leenheer et al. 1994) 
 
As for polysaccharides, the hydration of the fulvic and the humic is very strong and can cause 
gel formation (depending on the nature of the complexed cations). The number of molecules 
of hydration can be estimated by the number of hydrophilic groups (H2O, -OH, -COOH, -
NH2) on the molecule. It is possible to estimate  0.8-1.5 g H2O g-1 HS (Leenheer et al. 1994).  
 
In general, HS aggregation is favoured by high HS concentrations, high electrolyte 
concentrations (typically > 100 mM), relatively low pH values (typically pH < 3-4 for FA, pH 
< 6-7 for HA) or by the presence of divalent cations (Conte and Piccolo 1999; Leenheer et al. 
2001; Leenheer and Croue 2003). These conditions are similar to those which support the 
aggregation of the mineral particles. The hydrogen bonds between the phenolic and 




2.1 DLVO interactions 
Colloids of a given type (e.g., clays, fulvic acids, iron hydroxides) may aggregate together 
(homoaggregation) or with colloids of other types (heteroaggregation). Coagulation refers to a 
destabilization produced by the compression of the electric double layers surrounding 
colloidal particles, while flocculation refers to destabilization by the adsorption of large 
organic polymers and the subsequent formation of particle-polymer-particle bridges (La Mer 
and Healy 1963). The distinction can have practical significance since colloidal aggregation 
involving destabilization by double layer compression occurs at a constant concentration of 
coagulant, regardless of the concentration of the colloidal material. In contrast, there is 
generally a linear dependence of the optimum coagulation dose on the concentration of 
colloidal material for colloidal aggregation involving destabilization by the adsorption of 
large polymers. 
 
General quantitative physicochemical theory exists only for the (irreversible) 
homocoagulation of compact particles, based on the Smoluchowski equations and DLVO 
theory (O'Melia 1985; Elimelech and O'Melia 1990; Stumm 1992). According to DLVO 
theory, the interaction energy between two compact, spherical colloids results essentially 
from (i) their surface charge, which defines the electrical field around each particle, and (ii) 
the attractive van der Waals forces between them (function of the material involved). The 
electrical and van der Waals forces define an energy barrier which, if overcome by the kinetic 
energy of the particles moving in water, will lead to aggregation and an unstable suspension. 
For submicron colloids, this kinetic energy results mainly from Brownian motion and little 
from hydrodynamic or gravitational forces (O'Melia 1980; Filella and Buffle 1993) whereas 
for larger particles or aggregates, hydrodynamic processes such as differential sedimentation 
and fluid shear can provide the necessary energy for aggregation (e.g. (Hunt 1982; Adachi et 
al. 2002)).  
 
2.1.1 van der Waals interactions  
For two surfaces separated by a small distance, electric and magnetic polarizations produce an 
electromagnetic field that fluctuates within the medium (Hunter 1986) and can be responsible 
for colloidal aggregation. The potential energy of this van der Waals interaction is a function 
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of the separation distance, r, between dipoles, and has a r-6 dependence. van der Waals forces 
are always present and always attractive between particles of the same nature. 
 
Two theoretical approaches allow for the evaluation of the attraction. The first approach is the 
classical or microscopic approach and is due mainly to Hamaker  (Hamaker 1937). A second 
approach, that eliminates the additivity assumption of Hamaker macroscopic approach has 
been suggested by Liftschitz (Lifshitz 1956). In the microscopic approach , the net interaction 
between two entities can be obtained by summing all interactions. Although the microscopic 
approach can be easily applied to various geometries the assumption of complete additivity is 
imperfect since it always over-estimates the interaction. In the following this approach will be 
examined in greater detail. 
 
Hamaker replaced the summation of all particle interactions by a double integral, in order to 
obtain an expression that he was able to divide into a purely geometrical part and a constant, 
A, known as the Hamaker constant. This constant is related to the properties of the particles 
and the medium. Assuming two spheres of radius a1 and a2, with surfaces separated by a 
distance, h, the energy of interaction is given by: 
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These expressions are only valid for small separation distances. They show that the energy of 
interaction is inversely proportional to the separation distance and proportional to the size of 
the particles. The attractive energy VA, is insensitive to the physicochemical conditions of the 
medium and varies with the reciprocal of the distance. Therefore VA is always predominant at 
small separation distances, and for short distances (1-2 nm) the interaction energy falls 
drastically, causing the total energy to approach minus infinity. 
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For objects interacting in a liquid medium (particles 1 and 2 separated by medium 3), the 
Hamaker constant is given by (Hunter 1986): 
A A A A A123 12 33 13 23= + − −          Eq.  4 
where A13 is the Hamaker constant for medium 1 and 3, and so on. For two like particles (1) 
in a medium 2, an approximate expression of the effective Hamaker constant is : 
( )221 AAA −≈           Eq.  5 
Typical values of A are typically of the order of one kT (3.5-8.0 x 10-20 J for oxides, 3.7 x 10-
20 J for water) (Hunter 1986; Hiemenz and Rajagopalan 1997). 
 
2.1.2 Electrostatic interactions  
The electric surface charge of an entity in solution can develop in many ways. For example, 
particles such as clays have an intrinsic charge while for other surfaces, the 
ionization/dissociation of surface functional groups or  the adsorption of ions may be lead to 
the surfaces charging. Although the sign of the charge can be either positive or negative, in 
aqueous media most colloids develop a negative surface charge. The sign and magnitude of 
the charge are frequently affected by the pH and ionic strength of the medium. 
 
In a liquid, the distribution of ions between the surface of the particles and the surrounding 
solution is generally not homogenous because of the nature of the particles. The charge on the 
particles is counterbalanced by an equivalent number of counter ions in the aqueous solution. 
The charged particle and the electrostatically attracted counter ions form the electric double 
layer (Fig. 13) The earliest model of the electrical double layer is generally attributed to 
Helmholtz (1879) who treated the double layer mathematically based on a physical model in 
which a single layer of ions was adsorbed at the surface. In the later (1910-1913) Gouy and 
































Figure 13. The Gouy-Chapman-Stern-Grahame electric double layer model (a) charge distribution (b) potential 
distribution. Adapted from (Jolivet 1994) 
 
The Gouy-Chapman-Grahame-Stern (GCGS) model (Fig. 13), combines the Helmholtz single 
adsorbed layer with the Gouy-Chapman diffuse layer. Among the important approximations 
incorporated into this model are: (i) ions are effectively point charges, (ii) the only significant 
interactions are coulombic, (iii) electric permittivity is constant throughout the double layer, 
(iv) the solvent is uniform at the atomic scale, (v) ions in the Stern layer are considered to 
have lost their hydration water, (vi) ions in diffuse layer retain their hydration water. 
 
 In the GCGS, the Stern layer is further subdivided into a layer of dehydrated ions (Inner 
Helmholtz Plane, IHP) and a layer of hydrated ions (Outer Helmholtz Plane, OHP). The OHP 
marks the beginning of the diffuse layer. The solid/liquid interface can be therefore visualized 
in terms of three layers of charge. The first is due to the surface layer of the solid surface 
itself; the second is formed at the inner Helmholtz plane and the final compact layer of 
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Figure 14. The triple layer model. IHP : Inner Helmohltz plane  IHP : Inner Helmholtz plane, OHP : Outer 
Helmholtz plane Adapted from (Jolivet 1994) 
 
2.1.3 Colloidal interactions 
When two similar colloids approach each other, the interpenetration of the diffuse parts of the 
double layers causes a local increase in ionic strength. The electrostatic interaction between 
particles of similar primary charge always produces a repulsive force for which the repulsive 
potential energy, VR, increases in magnitude as the distance separating the particle is 
decreased. For spherical colloidal particles, Derjaguin (Derjaguin and Landau 1941) showed 
that the energy of interaction, VR, between two identical spheres of radius, a, can be expressed 
by :
 ( )[ ]h-aVR κψε exp1ln 2 20 +=                               Eq.  6 
where ε is the permittivity of the medium, h the distance between surfaces of the particles and 
Ψ0 the surface potential. κ, the reciprocal of the double layer thickness, is determined from 
the concentration and the charge of the counter ions in the diffuse layer. For a symmetrical 
electrolyte in aqueous solution at 25°C, κ can be estimated by : 
( ) 2/12910*32.2 ∑= ii zcκ          Eq.  7 
where ci the concentration of ions expressed in mol L-1 and κ is given in m-1. The equation is  
only applicable if κa > 5 and h << a. From this equation, it can be seen that an increase in 
ionic strength results in a decrease of the thickness of the Debye layer and a resulting decrease 
in the repulsive interactions among particles.  
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Depending on the physicochemical characteristics of the dispersion (pH, ionic strength) 
several situations have to be considered. For highly charged surfaces in the presence of a 
dilute electrolyte, i.e. large Debye lengths, the particles repel each other more intensely as 
they approach. The energy barrier VT = (VR-VA) can vary from a few tens to hundreds of kT 
and thus prevents aggregation of the particles (Fig. 15). On the other hand, if the surface 
charge is small and the ionic strength is high, the interaction energy is close to the variation in 
van der Waals energy. This results in an attractive system for any distance between the 
particles such that flocculation will be fast (diffusion limited aggregation). In this case, the 
total energy exhibits a small (secondary) minimum. In this case the particle repel one another 
at shorter distances and can remain at a distance corresponding to the secondary minimum, 
without flocculating. As the energy barrier is decreased, the stability of the dispersion 
decreases and the aggregation becomes possible or favored.   
 
The height of the energy barrier depends on the concentration and charge of the ions in the 
electrolyte. When these parameters increase, there is a decrease in VR through a decrease in 
the Debye length, κ-1. The surface charge and surface potential are also important parameters 
determining the stability of the particles. 
 
2.1.4 Non-DLVO interactions 
Non DLVO forces such as steric interactions, hydration pressure, hydrogen bonding and 
hydrophobic effects, although rarely considered in quantitative attempts to model colloidal 
interactions, are more recently being recognized as important forces contributing to the 
coagulation of environmental colloids (Grasso 2002). For example, in environmental 
(aqueous) systems, it is now clear that non DLVO hydration effects are possible due to the 
reorganization of surface bound water upon approach of the colloidal particles. Furthermore, 
hydrophobic surfaces have a greater tendency to aggregate than predicted by DLVO theory 
alone due to the migration of water from the solid- water interface to the bulk solution and the 
subsequent formation of hydrogen bonds. Indeed, under conditions for which the energy 
barrier for aggregation lies at subnanometer distances, there appear to be significant 
discrepancies between theory and experimentally measured coagulation rates (e.g. (Lips and 
Willis 1973; Kihira and Matijevic 1992; Kihira et al. 1992; Behrens and Borkovec 2000)). In 
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Figure 15. Calculated energy profiles as a function of the distance between particle surfaces taking into account 
DLVO interactions.  (a) Conditions in which surfaces repel strongly while colloidal particles remain stable.  (b) 
Conditions for which surfaces come into a stable equilibrium at the secondary minimum (if it is deep enough); 
colloids then coagulate reversibly.  (c) The interaction curve approaches the pure van der Waals curve; colloids 
coagulate irreversibly. Conditions used to compute the curves: Particle diameter = 1 µm : Hamaker constant = 
1.5x10-13 ergs : Salt (NaCl) concentration = 0.001 M (curve a), 0.03 M (curves b-c): Particle surface potential = 
35 mV (curve a), 35/30/25mV (curves b) and 10 mV (curve c). Taken from  (Stoll and Buffle 1995) 
 
2.1.4.1 The hydration or solvation effect 
The properties of the water molecules close to the surface of the particles can be very 
different from those in the solution. Frequently a monolayer of water is chemically adsorbed 
on the surface of the particles (e.g. metal oxides, clays). Such colloid-water interactions can 
retard the aggregation of colloidal systems, due to additional repulsive interaction that is 
distinct from the repulsion of the electric double layer. This repulsion comes from the 
reorganization of the surface hydration layers (several nm) so that the contact between the 
particles can take place. This induces an increase of the free energy of the system. This 
hydration force is relatively important  compared with the repulsion due to the electric double 




2.1.4.2  Hydrophobic interactions 
Hydrophobic particle surfaces have neither ionic or polar groups, nor sites for hydrogen bonds 
and thus there is no affinity between these particles and water. The properties of the water 
molecules in contact with the surface are thus different from those in the solution. Indeed, 
hydrogen bonds among water molecules structure ordinary water. The presence of a 
hydrophobic surface can restrict the natural tendency of water to structure by imposing a 
barrier, which prevents the increase of the aggregates in a given direction. If the interstice 
between particles is narrow, the limitation is important and there is an increase in the free 
energy of the water compared with that of the solution. In other words, there is an attraction 
of hydrophobic surfaces due to the migration of water molecules from the interstice to the 
solution, where the possibilities of creating hydrogen bonds are not restricted. 
 
2.2 Coagulation kinetics 
For dilute colloidal system where only binary collisions are assumed to occur, the kinetics of 
particle coagulation due to Brownian motion can be described by the Smoluchowski’s rate 










1          Eq.  8 
where t is the time, and Nz is the concentration of z-fold aggregates and kij represents the rate 
at which i-mers bind to j-mers, following the diffusion of the clusters towards each other. 
According to Smoluchowski, the coagulation rate constant for the formation of dimers from 
an initially monodisperse suspension of monomers could be given by (Smoluchowski 1917):    
η38211 Tkkk Bs ==           Eq.  9 
where kB is the Boltzmann constant, T is the absolute temperature, and η is the viscosity of 
the fluid. This rate constant, k11 is thus independent of the size of the particles. On the other 
hand, if van der Waals forces and hydrodynamic interactions are taken into account, the 














+= ∫ duTk uVu ukk BAs β              Eq.  10 
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where β(u) is the correction factor for the diffusion coefficient, and u=(r-2a)/a is a 
dimensionless relative distance. The above equation is characteristic of the fast aggregation 
domain which is also called the diffusion limited aggregation regime.  
 
In the regime of slow or reaction limited aggregation, additional repulsive forces, due to 
electrostatic interactions or other forces may prevent the particles from aggregating. In such a 
case, only a fraction of collisions, α (collision efficiency factor), are successful. The α is 
generally obtained by comparing the rate of change (of the hydrodynamic diameter) for a 



































A ββα                     Eq.  11 
The relative collision efficiency factor thus express the ratio of the number of effective 
collisions leading to flocculation to the number of collisions due to Brownian motion per unit 
of time. For example, an increase in electrolyte concentration (at constant pH) results in a 
decrease of the height of the energy barrier leading to a increase in the collision efficiency. In 
the slow coagulation regime, log α generally varies linearly with log ionic strength until the 
rapid coagulation regime is attained. The coagulation half time represents the time for the 
total particle concentration to be reduced by a factor 2. 
( )01121 2 NkT =                    Eq.  12 
         
2.3 Dynamic light scattering 
Light scattering techniques can be used to estimate coagulation kinetics and aggregate 
structure. In a dynamic light scattering experiments, fluctuations of the scattered intensity due 
to the Brownian motion of the particles are evaluated as a function of time. Analysis is carried 
out with an auto-correlation function C(τ) which is the Fourier transform of the scattered 
intensity I(t) 
)()()( ττ +⋅= tItIC
                                 Eq.  13 
For small values of τ, )(τC  will be large because the intensity scattered by the particles at the 
two times will be similar. On the other hand, for higher τ values the correlation between 
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scattered intensities will be weak such that )(τC  will be given by the square of the average 
intensity. For a system of non-interacting homogeneous spherical particles, the 
autocorrelation function is related to the first-order correlation function, g1(t), by the 
following expression:  
{ }212 )(1)( ττ gbIC +=
                    Eq.  14 
where I  is the average intensity over time and b is a constant representing the experimental 
conditions.  
 
Therefore for a dilute suspension of monodisperses particles )(1 tg  can be described by 
decreasing exponential function : 
)exp()(1 τΓ−=tg                   Eq.  15 
where Γ is related to the translational diffusion coefficient through: 
2Dq=Γ                    Eq.  16 
where q is the wave vector which is function of the wave length λ and of the scattering angle 
θ and he is given by the following relation : 
2sin
4 θλπnq =                    Eq.  17 
The size of the (spherical, rigid) particles can be determined from the measured diffusion 
coefficient through the Stokes-Einstein equation: 
D
kTdh πη3=                    
Eq.  18 
where dh is the particle hydrodynamic diameter. 
 
For particles of different sizes, the first order correlation function can be expressed as a sum 
of exponentials (Ruehrwein and Ward 1952; Otsubo 1996) : 
∫∞ ΓΓ−Γ=
0
1 )exp()()( dGtg τ
                   
Eq.  19 




                 
Eq.  20 
where )(ΓG  represents the standardized distribution of decreasing rates.  
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The analysis of results often procedes using the method of cumulants. In this case the full 
measured correlation function is represented by a theoretical infinite series where each term 
represents a statistical moment of successively higher order that give information about shape 
of the distribution of the decay time distribution and hence the particle sizes. Generally, the 
series are truncated to 2 or 3 terms because only the first two moments can be obtained with 
precision. The equation is valid in the absence of multiple scattering, i.e. the particles scatter 
light independently. In the presence of multiple scattering, measured particle sizes are too 
small because the auto-correlation function decreases too quickly. On the other hand, for low 
particle concentrations there are additional intensity fluctuations coming from the particles 
entering and leaving the scattering volume. As a consequence, there is a limited range of 
particles for which the decrease of the auto-correlation function is a strict function of the 
particles sizes. 
 
2.4 Static light scattering  
An analysis of scattered intensity as a function of scattering angle allows for the 
determination of aggregate structure. The scattered intensity, I(q), of a mass aggregate 
composed of N identical rigid and spherical particles can be described by the following 
equation 
)()()( 0 qSqaINqI =                            Eq.  21 
where )(0 qaI  is the scattered intensity of a primary particle and )(qS  is the dynamic structure 
factor which is a function of the spatial fluctuations of the particle concentrations. )(qS can be 










                
Eq.  22 
where V  is the sample volume, ξ  is characteristic distance above which the mass distribution 
does not follow a fractal law and )(rg  is the density auto-correlation function. 
 
For mass fractals, the auto-correlation function is given by  :  
3)/()( 0 −= fdrrfGrg ξ                                   Eq.  23 
 37
where 0G is a constant and )/( ξrf  is a cut-off function, that takes into account the size of the 
aggregates. When  1/ <<ξr , 1)/( →ξrf  while for 1/ >ξr , 0)/( =ξrf . 
 






                   
Eq.  24 






ξξ                            Eq.  25                         
for ξ/ru =   
and  






quaufudqaS fdf                                  Eq.  26                             
with qru /= . 














Figure 16. Representation of the three different regimes of scattered intensity as a function of the wave vector : 
the Guinier regime, the fractal regime and the Porod regime.  
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When 1>>ξq  and 1<<qa , the dominant contribution of the structure factor is given by 
)(1 ξqS . 








                                      
Eq.  27 
where )1( −Γ fd  is the gamma function.  
 
In the fractal regime, the scattered intensity is proportional to the wave vector according to a 
power law : 
I ∝ fdq−                               Eq.  28 
Consequently, the fractal dimension is usually estimated by plotting the log of the scattering 
intensity, I(q), against the log of the scattering wave vector, q.  
 
Note that in the Guinier regime, )1( <<ξq , the structure factor is dominated by )(1 ξqS  which 
should decrease exponentially according to the wave vector. In this regime, the intensity is 







                    
Eq.  29 
whereas for 1>>qa  the slope of the log-log plot of scattering intensity versus wave vector is 
– 4. 
 
2.5 Simultaneous static and dynamic light scattering 
Absolute coagulation rate constants can be determined by simultaneous static and dynamic 
light scattering (SSDLS). The average particle size is estimated by SSDLS measurements at 
different angles. A combined evaluation of the static and the dynamic light scattering data 
leads to the determination of the absolute rate constant without the use of the light scattering 
form factor and hydrodynamic properties for dimers. 
With an arbitrary kernel kij it is possible to solve the Smoluchowski’s rate equation (Eq. 8) 
and to obtain a simple expression for the monomer and the dimer concentration in the early 
stages : 
( ) ...112001 +−= tkNNtN                  Eq.  30 
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( ) ...211202 += tkNtN                      Eq.  31 
The two equations above make possible to determine a linear relationship between the initial 
slope of the scattered light intensity and the coagulation rate constant : 

















                 Eq.  32 
In the same manner, the initial rate of change of the hydrodynamic radius rh at the early stages 
can be expressed by the following equation : 



















                  Eq.  33 
where rh,1 and rh,2 are the hydrodynamic radii of the monomers and dimers respectively. 
The combination of Eq. 32 and Eq. 33 leads to a final equation where the coagulation rate 
constant is obtain :  

























h         Eq.34 
 
2.6 Electrophoretic mobilities and zeta potentials 
Electrophoretic mobility determinations are based on the measurements of the Doppler 
displacement of the scattered light. Measurements enable a determination of the sign of the 
charges on the  particles (Zevenhuizen 1997) and also their electrophoretic mobilities, which 
are related to the zeta potential, surface potential and ultimately the surface charge of the 
particles. 
 
For the microelectrophoresis technique employed in this study, the liquid inside the 
measurement cell is displaced in response to an applied electric field (electroosmosis). At 
some point in the cell (stationary layer) the electroosmotic flow is zero and the measured 
particle velocity can be considered to be the true electrophoretic velocity. The stationary layer 
is determined by the crossing point of the two laser beams producing interference fringes. 
Light scattered by the particles at the stationary layer is collected by a photomultiplier. Data 
are analysed by an autocorrelation function similar to dynamic light scattering (Hunter 1986): 
)exp()exp(),( 20 ττωτ DqiAqG −−=
                  
Eq.  35 
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where τ is the sampling time, ω is the initial frequency of the light, D is the diffusion 
coefficient of the scattering centers and q is the wave vector. The spectrum of the scattered 









               
Eq.  36 
The frequency distribution of the scattered light is a Lorentien, with the width at the half 
height equivalent to : 
2
2/1 Dq=ω∆                      Eq.  37 
In the presence of an applied electric field, the electrophoretic velocity Ev EE .µ=  (µE is 
electrophoretic mobility) is superimposed on the random movement of diffusion. In this case, 
the autocorrelation function takes the following form (Hunter 1986): 
)exp()exp()exp(),( 20 ττωτ DqiqviAqG E −±−=                  Eq.  38 
which corresponds to a superimposed oscillation, which is quenched by the autocorrelation 









πω                 Eq.  39 
This equation is identical to the Equation 35 except that the frequency has been shifted by :  
)2/cos()2/cos(. θµθ Eqqvvq EEE ==                  Eq.  40 
The choice of the sign in the equation depends on the direction of the applied field and on the 
charge of the scattering center. 
 
The conversion of the electrophoretic mobilities into zeta potentials can be carried out using 
Smoluchowski equation (for particles much larger than the Debye layer) is : 


= ηεζµE                               Eq.  41 
where ζ is the zeta potential, ε and η are respectively the permittivity and the viscosity of the 
suspension medium.  
 
2.7 Fractals measurements by TEM 
Irrespective of its characteristic dimension, l , a portion of the aggregate will be statistically 
equivalent to the structure of the entire aggregate. This self-similary leads to a power law 
relationship between the mass, m, and the dimension of a portion of the aggregate  
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m  ∝ fdl                      Eq.  42 
where df is the fractal dimension.  
 
If the aggregates are sufficiently large, a log-log plot of the number of intersections against 
the radii of the circles of intersections should give a straight line with the value of the slope 
corresponding to the fractal dimension. Since TEM can only give a two dimensional 
projection of a 3D objects, methods based on image analysis are useful only for aggregates 
with a fractal dimension less than two (Jullien and Botet 1987).  
 
2.8 Fractals measured by dynamic scaling 
In the case of diffusion limited aggregation (DLA) with monodisperse colloids initially, 
fractal dimension  can be calculated starting from the evolution of the size of the aggregates 
versus time on the basis of theory of Smoluchowski (Weitz et al. 1984; Zhang and Buffle 
1995). By supposing that the aggregates have a mononodal distribution, which is a rather 
good approximation, the increase of size is due to the collisions between aggregates of 
identical sizes. The collision constant ks, between two aggregates can then be assumed to be 
similar with the one between two primary particles equal to  : 
η38kTks =                                           Eq.  43 
where k is the Boltzmann constant, T is the absolute temperature and η is the viscoity of the 
suspending medium. In this case, the average number of primary particles in an aggregate m 
increases lineary with time t : 
tCkm s 01+=                                              Eq.  44 
where ks is the Smoluchowski rate constant and C0 is the initial concentration of primary 
particles. The collision rate constant, ks, is assumed to be independent of aggregate size an 
equivalent to that for two particles.  
 
The equation above suggests that aggregation is irreversible, the size of the aggregates 
increases via shocks between primary particles and between aggregates and that each collision 
is effective (α=1). In addition as the aggregates are statistically fractal, the number of primary 
particles is related to the radius of gyration Rg and with the radius of the particles by: 
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                     Eq.  45 
where ro is the radius of a primary particle. Substitution of Equation 44 into Equation 45 
gives : 
gR  ∝ ( ) ( ) FF dsds tCkrtCkr 100100 1 ≈+                   Eq.  46 
 
The approximation is valid when ksC0t >> 1. Zhang et Buffle (Zhang and Buffle 1995) 
showed that Rg was directly proportional to the hydrodynamic diameter dz as measured by 
photon correlation spectroscopy or simultaneous static and dynamic light scattering under our 
experimental conditions. 
 
2.9 Structural aspects of the aggregation process 
Aggregates formed with small particles often have random structures with low average 
densities. Initially, they were described in a qualitative manner and called loose aggregates. 
Upon the introduction of fractal geometry analysis by Mandelbrot (Mandelbrot 1977; 
Mandelbrot 1983) it was possible to describe colloidal aggregates in a less quantitative 
manner. Nonetheless, even today, the majority of knowledge concerning the fractal 
aggregates, has come from digital simulations. The first model that described a diffusion-
limited-aggregation was developed by Witten and Sander in 1981 (Witten and Sander 1981). 
In its original version (two dimensions), particles in the shape of discs were placed in a square 
network around a "core" particle (the first particle of the aggregate).  Using a random walk 
model, 2D aggregates could be generated. Unfortunately, this was determined not to be 
representative of the colloidal suspensions where particles and aggregates undergo Brownian 
motion. For this reason, another model, the cluster-cluster aggregation model, was developed 
by Meakin (Meakin 1983) and Kolb et al. (Kolb et al. 1983). In that model, aggregate growth 
was controlled by collisions between diffusing aggregates. Following a short description of 
the general principles of fractal concept, this model will be developed more in detail, in the 
following paragraphs:  
 
2.9.1 Fractal geometry and fractal dimension  
Aggregation is not entirely random in the global sense. In nature, aggregates such as dust 
particles, air bubbles, coastlines and tree and plant growth have been described by fractals. 
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Indeed, for several years, fractal concepts, in which a fractal dimension quantitatively 
describes the degree of openness of an aggregate structure (Mandelbrot 1977), have been 
employed to describe aggregate shapes.  
 
 
Figure 17. Simulated aggregate each consisting of 10,000 particles. Fractal dimensions of 2.11 and 1.79 were 
obtained. Taken from (Bushell 1998) 
 
This characteristic feature of fractals is a self-similarity that implies that the new object 
obtained following enlargement of the original objects are statistically equivalent to them and 
thus scale invariant. Colloidal aggregates have different random structures which correspond 
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to a statistical or average similarity, i.e. correlation functions of describing the aggregate 
structures can be represented by a power law. For example, a density-density correlation 
function between two points separated by a distance r varies in the following manner : 
( ) α−= rrC
                       
Eq.  47 
where α is the exponent given by dD −= αα , where Dα is the fractal dimension and d, the 
space dimension. If the radius of gyration of the colloidal aggregates, is measured according 
to their mass, then the scale law can be written : 
βMRg =                      Eq.  48 
where the fractal dimension fractal is given by:  
ββ /1=D                      Eq.  49          
Another manner consists in calculating the mass M, contained inside a distance l , that is  
measured  from a given starting position of the aggregate. In this case, the relation can be 
described by : 
γlM =                               Eq.  50 
where Dγ=γ is the fractal dimension. If the aggregates are self-similar, these various methods 
of measurement will lead to identical values of the fractal dimension, Dγ = Dα = Dβ = Dγ. 
  
Because of its importance in nature, a good deal of research into the fractal growth of 
aggregates has been carried out. Diffusion limited aggregation is described by an irreversible 
growth process where individual particles stick to one another to form clusters or aggregates. 
This model has been shown to be useful for a wide range of growth processes in which 
diffusion (or other random motions) is the important limiting step and in which rearrangement 
of the material within a cluster is not allowed. Witten and Sander obtained a df = 1.70 in 2D 
space and a df of 2.50 in 3D.  
 
2.9.2 Reaction limited cluster-cluster aggregation  
In diffusion limited aggregation, particles are assumed to aggregate irreversibly, as soon as 
they enter in contact. This representation is reasonable for a fast aggregation, however, when 
a weak barrier of potential exists between the particles, a larger number of collisions between 
aggregates are necessary before they stick together. Reaction limited aggregation assumes that 
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all configurations for which connections are possible are explored before the formation of a 
new irreversible aggregate. RLA can be modelled by introducing an attachment probability, 
α, for  collisions between aggregates. Jullien and Kolb (Jullien and Kolb 1984; Kolb and 
Jullien 1984) have developed a hierarchical model of the reaction limited process.  In this 
process the extremely small α values allows the incoming cluster to penetrate deeply into the 
structure of the aggregate and thus form a denser aggregate with a higher fractal dimension. 
For a 3D space, the fractal dimension obtained by this model is equal to 1.98 ± 0.04 which is 
significantly larger than that calculated starting from the model of diffusion limited 
aggregation (df  = 1.78). Another model, taking in account the effects of the polydispersity of 
the aggregates, has been developed by Brown and Ball (Brown and Ball 1985). By 
simulation, these authors obtained a value of df = 2.11 ± 0.03. Finally, a reaction limited 
model has been developed by Meakin (Meakin and Jullien 1985) in which pairs of particles 
are randomly selected among a large number of particles and clusters can combine 
irreversibly. The aggregates generated by this model also have a fractal dimension of about df 
~ 2.10. 
 
A constraint of the cluster-cluster models, described previously, is the rigid character of the 
aggregates during the process of aggregation. In other words, the aggregates cannot be 
rearranged, as has been shown in number of experiments. Meakin and Jullien (Meakin and 
Jullien 1985) have simulated this problem in a 2D model based on an extension of the cluster-
cluster model. The small aggregates obtained by this model are more compact than those 
simulated with the traditional models. Nonetheless, when their size increases, the effect 
increases and the effect of reorganization becomes less visible. Indeed, the 2D fractal 
dimension extrapolated to an infinite size was estimated at 1.48 ± 0.05. This value is of the 
same order of magnitude as the one calculated without taking into account the rearrangement 
effect. 
 
Stoll and Buffle (Stoll and Buffle 1998) have developed a numerical model in two or three 
dimensions, based on the cluster-cluster model and that makes it possible to calculate the 
fractal dimension  of aggregates formed of colloids and flexible or rigid chains. In the initial 
configuration, particles and chains are introduced into the model such that they do not 
overlap. This model also introduces a sticking probability between the particles, the polymers 
and the particles and the polymers. In this case, the interactions between polymers and 
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particles play a prevalent role on the fractal dimension of the studied processes. In this 
manner, they found that in the case of aggregates formed between particles and rigid 
polymers the fractal dimension increased significantly with the concentration ratio. 
Aggregates formed which could enter in contact and then form a network structure. The 
particles were thus distributed in a more or less regular network, with a fractal dimension that 
tended towards the dimension of the simulation space. 
 
On the other hand, when the number of chains was small (i.e., a small concentration ratio), 
homocoagulation among the particles became the prevailing aggregation process. In that case, 
the fractal dimension of the aggregates was closer to the one obtain by the reaction limited 
aggregation model. 
 
In the presence of rod-like chains, the results clearly demonstrated that there was a significant 
increase of the fractal dimension with an increase of the chain/particle concentration ratio. In 
2D space, the fractal dimension varied from 1.54 to 1.92 when the chain number varied from 
0 to 80. In 3D space the fractal dimension goes from 2.03 to 2.52 when the chain number 
varied in an identical way (Stoll and Buffle 1998).  
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3. MATERIALS AND METHODS 
 
3.1 Preparation of standard compounds  
All solutions used during this study were prepared with deonized water using the Millipore 
MilliQ Plus system (R>18.2 MΩ cm, [TOC]<2 µg L-1). The KCl used in all aggregation 
experiences was 99.99 % pure. Acids used in fixing the pH were of ultrapure quality (Merck).  
 
Hematite  
The colloidal hematite suspensions used for the experiments described in this work were 
obtained by the forced hydrolysis of iron chloride (FeCl3.6H2O Sigma) in acid medium. The 
experimental conditions were selected in order to synthesize small, nearly spherical, colloids 
(ca. 50 nm). Colloids were prepared using a variation of the method of Matijevic and 
Scheiner (1978) (Matijevic and Scheiner 1978). At the beginning of the synthesis, all 
glassware was sequentially washed with methanol saturated with NaOH (24 hours), 1 M HCl, 
1 M HNO3 then MilliQ water. All solutions were prepared with Milli-Q Plus deionised water 
(R > 18.2 MΩ cm). 
 
A concentrated solution of FeCl3 was prepared at 1.82 M in order to minimize the hydrolysis 
of Fe3+ at room temperature. An aliquot of the stock solution was diluted with Milli-Q H2O 
and HCl to produce a solution of 0.72 M FeCl3 and 3.75x10-3 M HCl which was then filtered. 
A solution of 0.975 L of 3.75x10-3 M HCl was heated to boiling in a 1L borosilicate glass 
bottle. Twenty-five mL of the FeCl3/HCl solution were quickly added to boiling HCl under 
conditions of vigorous mixing with a magnetic stirrer. The bottle was capped and placed in an 
oven at 100°C for 24 hours. After the bottle was removed from the oven, the contents were 
left to cool at room temperature for several hours. The hematite solution was centrifuged for 
one hour at 3700 g (Hereaus Sepatech Omnifuge 2.0 RS). Finally the supernatant was 
eliminated and the suspension restored in 1 mM HClO4 (7x). The concentrated stock solution 
of hematite was stored in 1 mM HClO4. 
 
Fulvic acid 
A standard aquatic fulvic acid (SRFA), isolated from the Suwannee River on a XAD-8 resin 
(Buergisser et al. 1993; Malcom et al. 1994), was obtained from the International Humic 
Substances Society (IHSS). A SRFA stock solution (1 g L-1) was prepared  prior to its dilution 
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for use in adsorption and aggregation experiments. The IHSS fulvic acid has a number 
average molar mass of 711 g mol-1 (Goldberg and Weiner 1995) with a hydrodynamic radius 
of about 1 nm depending on the pH (Knöchel et al. 1997; Balnois et al. 1999; Lead et al. 
2000; Lead et al. 2000). The molecules are oligoelectrolytes under the majority of 
environmentally relevant conditions and negatively charged (Hosse and Wilkinson 2001). 
Carboxyl groups correspond to approximatively 6.8 mmol g-1 and phenolic groups 2.9 mmol 
g-1 (Goldberg and Weiner 1995). 
 
Exopolysaccharide  
Rhizobium meliloti TYP 1112 (Fig. 18) was used to produce the exopolysaccharide employed 
in this study. Rhizobium is a genus of symbiotic bacteria that forms nodules on the roots of 
certain plants. The bacteria primarily produces succinoglycan, an anionic bacterial 
polysaccharide, that has been previously characterized (Her et al. 1990; Reinhold et al. 1994).  
 
Figure 18. Two SEM images from Rhizobium meliloti 1021 strain used in this study.  
 
The recommended medium for Rhizobium meliloti Rm1021 is the Rhizobium Minimum 
Medium (RMM) consisting of : 1.45 g L-1 KH2PO4, 0.15 g L-1 NaCl, 0.5 g L-1 NH4NO3, 0.5 g 
L-1 MgSO4.7H2O, 0.01 g L-1 CaCl2.2H2O, 2.05 g L-1 K2HPO4, 6 g L-1 C6H6O6 and Gamborg’s 
vitamin solution 1000x for cell cultures (2.5 mL for 25 mL). Bacterial growth of the bacteria 
was quantified by measuring the absorbance (λ = 660 nm) of the culture medium. When the 
bacteria attained their  stationary growth phase, the cultures were maintained in this state until 
the bacteria can produced sufficient quantities of exopolysaccharides. 
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Exopolysaccharides were extracted by adjusting the pH to pH 7.5 with 1M NaOH. 
Subsequently, 0.5 mg L-1 of protease (Subtilisin A from Sigma) was added, mixed then 
maintained at 37 degrees °C for 12 hours at 70 rev min-1. The solution was cooled to room 
temperature and adjusted to pH 7 with 1M HCl prior to centrifugation at 3700 g for 15 
minutes. Thirty g L-1 of NaCl and 4 volumes of 95 % ethanol/5% methanol were then added 
to the supernatant. Following 12 hours at 4 °C, the precipitate was recovered and redissolved 
in 150 mL MilliQ H2O (or a smaller volume if possible). The alcohol (slow addition) and 
NaCl addition were repeated (3x) in order in order to re-precipitate the biopolymer. Each 
cycle, biopolymers were collected by filtration on a 0.22 µm membrane (Millipore). The 
purified polysaccharide was dialyzed for 5-7 days against MilliQ H2O using  a 6-9 kDa 
membrane. Water was renewed at least 2x per day. The final product was concentrated by 
lyophilisation.  
 
The main justification of using microbial produced fibrillar biopolymers rather than model 
polysaccharides was that their properties were different from those available from commercial 
sources. In particular, the role of the hydrophobic moieties cannot be studied using model 
compounds. As a main goal of the thesis is to understand what processes are actually 
occurring in natural water systems, it was imperative to employ fibrillar polysaccharides 
which have a characteristic size, charge and flexibility similar to those actually found in the 
natural waters of interest. Unfortunately, such polysaccharides are likely to be more 
heterogeneous and more polydisperse than polysaccharides purchased commercially. 
 
3.2 Adsorption  
SRFA adsorption onto hematite was quantified using TOC measurements made before and 
after a 25-minute equilibration with 10 or 100 mg L-1 of hematite. Following equilibration 
with various concentrations of SRFA, the hematite was separated by centrifuging suspensions 
for 35 minutes at 3700 g and performing TOC measurements on the supernatant.  
Experiments were performed at pH 3, 4 and 9.5.  Adsorption was also estimated by measuring 
the electrophoretic mobilities of the hematite suspensions in the presence and absence of 
fulvic acids. EPM experiments were performed at pH 3, 4, 6.5 and 9.5 at constant ionic 





3.3 Aggregation experiments 
Dynamic and static light scattering instruments  
Two light scattering instruments were employed in this study. A Malvern PCS (photon 
correlation spectroscopy) 4700 was used for sequential studies of dynamic and static light 
scattering (Fig. 18). The system was composed of a 1W Ar ion laser (λ = 488 nm, Coherent 
Innova), a temperature controller, a stepper motor controller, a correlator (standard Malvern 
7032N/256C Multi-8 bit and standard Malvern 7132N/256C Multi-8 bit), a photomultiplier, a 
pump filter unit and a computer (Fig. 19). A second system with simultaneous static and 
dynamic light scattering capabilities was used to follow the evolution of the fractal 
dimensions and determine the rate constants of several aggregation processes. The multiangle 
light scattering setup (ALV/CGS-8, Langen, Germany) was equipped with eight optical fiber 
detectors mounted on a goniometer (Fig. 20). The instrument used a Nd:YVO4 laser operating 
at 532 nm (Verdi, Coherent). The optical fibers were employed to guide the light to 
photomultipliers. The scattered signal was fed into a multi-channel correlator board, which 
accumulated the scattered intensities from all detectors. By rotating the goniometer during the 
measurement, eight additional scattering angles could be monitored, thus increasing angular 
resolution. The glass cells used for light scattering experiments were cleaned in a mixture of 
(NH4)2S2O8 and H2SO4 prior to use. In our study, we employed a signal acquisition at sixteen 
different scattering angles between 22° and 149°. 
 
The samples were placed in a 10 mm cylindrical quartz cell. The cell was introduced into a 
quartz vat filled with toluene (index of refraction: n = 1.49) that was selected in order to 
reduce the dispersion of light at the interfaces of the vat and the measuring cell. Furthermore, 
since toluene has a low density, dust particles sediment out of the beam quickly. The light 
scattered by the sample was detected by a photomultiplier that was only sensitive to 
individual photons. The photomultiplier is mounted on an arm which can be controlled by the 
stepper motor controller, which was set between 10° and 149°. 
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Figure 19. Schematic overview of the PCS 4700. Taken from Malvern manual book.  
 
 
Figure 20. Optical setup of the multiangle instrument. (L) convex lens, (GT) polarizing prism, (P) plate, (D) 
photodiode, (PM) photomultiplier, (LT) light trap. Taken from (Holthoff et al. 1996) 
 
3.4. Aggregation mixtures  
An aliquot of the hematite stock solution (13.25 g L-1) was diluted to 20 mg L-1 with 1 mM 
HClO4. Ten mL of a 20 mg L-1 hematite suspension were quickly mixed with 10 mL of a pH 
and ionic strength adjusted KCl stock solution to give a final particle concentration of 10 mg 
L-1.  The pH was controlled with HClO4 at pH 3 and 4, MES at pH 6.5 and carbonate at pH 
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9.5 and 10.5. Following mixing, an aliquot of the suspension was immediately (<30 s) 
transferred into an optical cell for DLS measurements. 
 
For measurements made in the presence of polysaccharide, the hematite stock solution was 
diluted to 100 mg.L-1 with the appropriate electrolyte and pH. In a separate tube (V=10 mL), a 
20 mg L-1 hematite suspension was prepared at the required pH and ionic strength containing 
5 mg L-1 of fulvic acid. The required volume of an EPS solution was added to 10 mL KCl at 
the required pH and ionic strength. The vials were quickly mixed, homogenized then 
transferred to an optical cell for light scattering measurements. The final concentration of the 
hematite was 10 mg L-1 (4.66 x 1015 part m-3). 
 
3.5 Electrophoretic mobility measurement 
Electrophoretic mobility (EPM) measurements were performed by laser Doppler velocimetry 
(Zetasizer 2000, Malervn, Ltd) at 75-150 V cm-1 at a moduling frequency of 250 Hz. 
Experiments were performed at pH 4, 6.5 and 9.5 corresponding to conditions in  which the 
hematite is positively (pH 4), negatively charged (pH 10.5) or near the zero point charge of 
the bare hematite particles. Ionic strengths were maintained constant at 5 or 250 mM KCl. 
 
3.6 Transmission electron microscopy 
A Philips EM 410® was used during this work. Transmission electronic microscopy (TEM) is 
based on the adsorption and the diffusion of electrons proportional to the local electronic 
density of the sample. An electron beam, produced by the thermoionic emission of a heated 
tungsten cathode, was concentrated by a lens before penetrating the sample. The electrons are 
then adsorbed, diffused or transmitted. An electromagnetic lens-objective collect the 
transmitted electrons which are projected onto a fluorescent screen after enlargement. In this 
manner, it is possible to attain lower limits of observation of 0.5-2 nm. Moreover, the 
technique gives access to the crystalline structure by electron diffraction. 
Due to the nature of the TEM techniques it can be used only with "thin" samples i.e. samples 
which let the electrons pass through in the specimen (typically between 1 and 500 nm). 
Physical artifacts of the sample preparation technique (contraction, 
aggregation/desaggregation of the particles) can be minimized by coating the samples with a 
melamine resin that is prepared by mixing 20 mg of a B52 catalyst (p-toluosulphonic acid) 
with 1.0 g of monomer MME7002 (ether hexamethylol-melamine-methyl) (Nanoplast) prior 
to mixing with the sample in order to obtain a Nanoplast/sample ratio of 1:10 v:v (Perret et al. 
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1991). In this study, a copper grid was gently placed in a drop of the Nanoplast/sample 
mixture. After one minute, the grid was placed on a horizontal microcentrifugeuse and 
centrifuged 10 seconds at 700 g. Following centrifugation, the grid was rinsed in water MilliQ 
Plus ® then stored in an enclosed petri dish at ambient temperature until dry. 
 
3.7 Organic carbon measurements 
The carbon concentration of the solutions was measured using total carbon analyser 
(Shimadzu Model TOC-5000/5000A) following acidification with 1 µL/mL of suprapure HCl 
(36.5-38 %) and extensive bubbling (10 minutes) with CO2 free air. Organic carbon 
concentrations were calibrated using potassium hydrogen phthalate  (C6H4COOK)(COOH) 
(Kanto). In a few cases, organic carbon (primary humic substances) were quantified using 
UV-vis measurements on a Perkin Elmer Lambda 2 Spectrophometer at absorbance 
wavelengths of 242, 280, 326 and 400 nm. 
 
3.8 Size exclusion chromatography (SEC) of the polysaccharides  
Analysis of the molar mass of the polysaccharide was performed by size exclusion 
chromatography followed by a three detectors : low angle light scattering (LALS), a 
viscosimeter and a refractometer. Triple detection allows in principle, for the determination of 
an “absolute” molecular weight, intrinsic viscosity and molecular size in a single 
measurement. It also provides information on branching, conformation, structure and 
aggregation of the polymer sample. The viscometer allows differences in structure to be seen 
directly. Nonetheless, the measurement depends greatly of the knowledge of a precise dn/dc 
value that can only be obtained if polysaccharide concentration are precisely known.   
 
The sample was dissolved in PBS volume is injected is of 100 µL and the experiment was 
carried out at 35°C. The columns used are ViscoGEL GMPWxl and the detector is a 
TDA302.the sample was prepared at 3.5 mg mL-1 in pure water. The DOC Analyser measured 
and accurate concentration of 1270 mg C L-1 (these values were given after GPC 
measurement). The sample were diluted by 1/3 in PBS before filtration with a 0.45 µm Nylon 
filter and injection  into SEC system. The sample appeared to be completely soluble in the 
PBS. The detector alignment and instrument sensitivity parameters were previously calibrated 
using a Pullulan standard.   
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3.9 Field flow field fractionation of polysaccharides 
FFF is a one phase chromatography. Separation is achieved by interaction with a force field. 
A FFF channel consist of two plates separated by a spacer foil, all bolted together. The 
channel is cut into the spacer foil which has a typical thickness of 100 to 500 µm. Because of 
laminar flow in the channel a parabolic flow profile is established. A force field, applied 
perpendicular from the top to bottom plate (Fig. 21), is essential for achieving separation. 
Figure 21. Schematic representation of an FFF set-up. W is the channel thickness and l is the layer thickness of 
equilibrium distribution. 
 
The force field drives analytes towards the bottom, so called accumulation wall. This resuls in 
different elution times from the FFF-channel. Small particles will reside higher up in the 
channel compared to bigger particles and travel faster. In flow-FFF the bottom of the channel 
is a frit which allows parts of the channel flow to permeate as cross flow, creating the 
separation field. The frit is covered by an ultracentrifugation  membrane with a cut-off small 
enough to prevent the sample from permeating with the cross flow. 
 
The separation was done with an Eclipse FFF instrument coupled to a DAWN EOS and 
Optilab RI-detector. Eluent used was 50 mM NaNO3. 
 
3.10 NMR 
NMR analysis was carried out on an 300 MHz Varian Gemini appartus. Freezed-dried 30 x 
10-3 g L-1 polysaccharides were dissolved in D2O. The 1H and 13C spectra were recorded at 
80°C. For 1H NMR, there were 100 transitions with d1=2 seconds but for  13C d1=4 seconds.  
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Centrifugations were carried out with two types of instruments: a Heraeus Sepatech Model 
Omnifuge 2.0 RS (max 3700 g) and a Beckman  Ultracentrifuge L7-55 machine (number of 
revolutions: max 127000 g)  
 
3.11 Fractals measured by TEM 
The definition given in Eq. 41 may be used directly in the determination of fractal dimensions 
of aggregates based on their TEM images. Images were scanned and quantified in Adobe 
Photoshop ®. A routine allowed us to count the number of primary particles in the aggregate. 
The routine then calculated the mass center of the aggregate and generated a circle around the 
aggregate prior to superimposing both mass centers. From the mass center were generated 
successive circles and the number of particles inside each circle is determined. A log-log plot 
of the number of intersections versus the circle radii gave access to the fractal dimension. The 





4. CHARACTERISATION OF THE COLLOIDAL COMPONENTS AND 
PRELIMINARY EXPERIMENTS 
 
4.1 Characterization of the hematite particles 
Hematite particles size were determined by transmission electron microscopy (TEM) and the 
diameter of hematite particles estimated from TEM images using analysis software (Adobe 
Photoshop 5.5). A size distribution was obtained from the analysis of 674 randomly selected 
particles (Fig. 22).  






















Figure 22. Size distribution of noncoagulated particles determined from transmission electron microscopy of 
over 674 selected particles. Transmission electron micrographs of hematite particles in an aggregate. Bar in the 
figure corresponds to 200 nm 
 







P.I.* number of 
particles 
Electrophoretic mobility at pH 
4, I=5 mM (x108 m2V-1s-1) 
13251 74.6 ± 0.6 46.7 ± 4.5 0.15 674 3.24 ± 0.094 
* P. I. polydispersity index obtain with photon correlation spectroscopy. 
The mean diameter (dn) of the distribution  occurred at 46.7 ± 4.5 nm. The uncertainty arose 
mainly from the diffuse nature of the particle borders in the TEM images. As revealed by 
TEM, hematite particles that were employed were quite uniform and fairly spherical.  Photon 
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correlation spectroscopy (PCS) (Zetasizer 3, Malvern, equipped with a 2W Ar-ion laser, 
wavelength λ=488 nm, Coherent Innova) of the hematite solution gave a z-average diameter, 
dz, of 74.6 ± 0.6 nm with polydispersity index (P.I.)  of 1.15. Electrophoretic mobilities were 
tritrated across a pH range of 2-12 (I=5 mM, Figure 23). Base upon this titration, the point of 
zero charge was located between pH 7.5 and 8.5. 
pH


























Figure 23. Electrophoretic mobilities of hematite particles as a function of pH (hematite concentration 10 mg.L-1, 
ionic strength 5mM). 
 
4.2 Characterization of the bacterial exopolysaccharide   
The soil bacterium, Rhizobium meliloti, was used in this study to produce the 
exopolysaccharides. These exopolysaccharides are interesting to study in that they play an 
important role in the adhesion process of the bacteria to plants roots (Reuber et al. 1991). 
Rhizobium is a primary producer of succinoglycan, an exopolysaccharide that was first 
isolated by Harada (Harada et al. 1965). 
In these studies, the exopolysaccharide produced by R. meliloti was characterized by two 
techniques : size exclusion chromatography (SEC) coupled to a triple detection system or 
flow field flow fractionation (FFFF) coupled to a multi-angle light scattering (DAWN from 
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Figure 24. Triple detection chromatogram of the Rhizobium meliloti exopolysaccharide 
 
The triple detection chromatographs showed an excellent signal to noise for all three detectors 
(Fig. 24). The original solution of EPS had a very high intrinsic viscosity and hydrodynamic 
radius. For a dilute sample that was prepared to avoid sample shear or column overload. Good 
reproducibility was obtained for duplicate injections. 
 
Table 3. Quantitative results of SEC analysis and from from Eclipse FFF coupled to DAWN EOS and Optilab 
RI-detector  with dn/dc=0.147 mL g-1. 
 




SEC 1.75x106 1.66 x106 1.07 18.85 78.5 / 
FFF DAWN EOS 1.978 x106 7.967 x105 2.48 / / 107.7 
I.V. Viscosity index,  P. P. Polydispersity parameter = Mw/Mn 
Results were analysed using a dn/dc value of 0.147 mL g-1 corresponding to a polysaccharide 
concentration of 330 mg L-1. Potential uncertainties on the dn/dc value could lead to a ca. 
10%  lower value of molar mass. In Figure 25, a differential molar mass distribution of the 
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Figure 25. Molar mass distribution of the exopolysaccharide produced by Rhizobium meliloti as determined by 
size exclusion chromatography coupled to refractive index, low angle light scattering and viscosity detectors. 
 
The exopolysaccharide was also studied by FFF coupled to a DAWN EOS and Optilab RI-
Detector. Those results are summarized in Table 3. In that case, a significantly higher 
polydispersity was found even though the molar masses (Mn) determined by both techniques 
were similar. 
 
4.3 Optimisation of the production and extraction of the exoploysaccharide  
The goal of this part the study was to produce sufficient and reproducible quantities of a 
fibrillar polysaccharide that could be used on subsequent flocculation experiments. Due to 
previous experience with succinoglycan (Balnois et al. 1999) experiments were carried out 
using Rhizobium meliloti. 
 
4.3.1 Influence of the organic carbon source 
The role of the carbon source in the Rhizobium minimum medium was a verified by replacing 
the C source by 1.5 g L-1 solutions of galactose, mannose, glucose, mannitol or glucoronic-γ-
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lactone acid, a 3.2 g L-1 solutions of sodium succinate or a 10% ethanol solution. Bacterial 
growth was followed at regular intervals using absorbance measurements at 660 nm. 
Table 4. Mass and output for different carbon source 
 






0.007 0.011 0.0044 0.0041 0.01580 0.0133 0.0052
output [%] 5.15 8.12 3.23 3.07 5.5 9.82 0.06 
 
In this experiment, all solutions were stopped after the same incubation times which implies 
that they were not always at the same growth phase. From the point of view of the EPS 
production succinate gave the best yield of EPS. Moreover, it has been shown that the 
optimum concentration of succinate required to produce the highest amount of EPS was 
around 10 g L-1.  
 
4.3.2 Influence of the growth time on the EPS production  
The succinoglycan producing bacteria, Rhizobium meliloti was used to produce the 
exopolysaccharides. Two versions Rhizobium minimum medium were prepared 9 g L-1 of 
sodium succinate or 6 g L-1 of mannitol as carbon source. Bacterial growth was followed by 
absorbance measurements at 660 nm. At regular intervals, corresponding to different growth 
states of the bacteria, the cultures were stopped and the EPS were extracted, washed, dried, 
weighed and carbon measurements were performed.  
 
Table 5. Mass and polysaccharide mass obtained for different growth durations obtained using  9 g L-1 sodium 
succinate as the carbon source. 
 
days of growth 3 6.75 7.8 10 
mass polysaccharide 
obtained 
0.0175 0.0147 0.0436 0.059 









Table 6. Mass and polysaccharide mass obtained for different growth durations obtained using  10 g L-1 mannose 
as the carbon source  
 




0.0144 0.0197 0.0216 0.0537 0.0559 0.0547 0.15 
output [%] 1.57 2.24 4.32 10.74 11.19 10.95 30 
 
 
For short incubation times (less than 5 hours), EPS production was low. Polysaccharide 
content increase until bacteria attained the stationary phase, although production appeared to 
increase as long as measurements were made (Table 5, 6). For example, for solutions 
containing sodium succinate, there was also a regular increase in EPS content with a 
maximum production occurring at the stationary state, corresponding to the 10th day. For the 
cultures obtained with mannose, there was an increase in  EPS  production until the 20th day. 
 
4.3.3 Initial characterization  
4.3.3.1 NMR analysis 
Spectra obtained by 1H RMN (Fig. 26) and those found in the literature for succinoglycan 
(Matulova et al. 1994) were in good agreement except that the peak due to the protons of H2O 
(4.37 ppm) masked some peaks. In order to avoid this peak Garozzo et al. (Garozzo et al. 
1998) lyophilised their sample (3x) in H2O/D2O/D2O in order to remove a maximum water 
content. This procedure was not carried here because the signals hidden by the “water” peak 
were considered to be of minor importance. 
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Figure 26. 1H NMR spectra of the exopolysaccharide produced by Rm 1021 
 
At 1.44 ppm, a signal was observed for the pyruvate CH3 groups. In the neighbourhood of 
2.79 ppm, it is possible to make out two small bands that could be assigned to the two non-
equivalent protons of the CH2 the of succinate groups. Nonetheless, the intensity of these 
signals was lower than that found by Matulova et al. who had determined that one succinate 
could be found in the polysaccharide per octosaccharide unity. This observation is in 
agreement with previous work (Matulova et al. 1994) that showed that the proportions of 
succinate in the succinoglycan can vary according to the growth conditions of the bacteria.  
 
4.3.3.2 Size exclusion chromatography of the EPS 
Analysis done by SEC (Fig. 27) showed that lyophilization appeared to be quite reversible, 
since retention times before and after freeze-drying were very close. In order to estimate the 
molar mass of the exopolysaccharide by this technique, it would have been necessary to have 
polysaccharide standards of a similar nature which was not the case. 
On the other hand, following a few weeks of sample storage (°4C of the hydrated sample), the 
chromatograms were no longer reproducible. Indeed, when kept in the fridge the 
exopolysaccharides appeared to have  precipitated in the form of a white viscous precipitate. 
Although it was possible to redissolve the precipitate it was concluded that a more 
 63
reproducible sample could be obtained if he polysaccharides were preserved in their freeze-
dried form. 










Figure 27. HPLC chromatogram of the EPS before and after lyophilization. 
 
4.4 Fractal determination by TEM optimisation  
In order to characterize and to evaluate aggregate structure and to determine the number of 
aggregates that needed to be treated in order to obtain a value of df that was statistically 
significant and representative, fractal dimensions were determined for a large number of 
aggregates in the presence or the absence of FA. In addition, two methods of grid preparation 
were compared ultra-centrifugation and horizontal centrifugation, in order to determine 
whether the preparation technique influenced the average value of df obtained during the 
numerical analysis.  
 
Horizontal centrifugation  
A Cu (200 mesh) TEM grid was gently placed in a drop (approximatively 300 mL) of the 
Nanoplast/sample mixture (see Materials and Methods for composition). The TEM grid was 
placed on the horizontal disc of a micro-centrifuge, which was slightly coated with adhesive. 
Centrifugation (700 g) took approximately 20 seconds after which the grid was dried in an 
enclosed petri dish. The grid was subsequently analysed by transmission microscopy using 




For ultra-centrifugation, it was necessary to place the TEM grids on a polymer base in a drop 
of nanoplast in order to hold them in place. The polymer base was then inserted in a small 
volume of sample contained in a ultracentrifuge tube, taking care to ensure that the grids 
remained in place. Ultracentrifugation was preformed 70000 g using a SW 30 rotor on a 
Beckman L7 ultracentrifuge.  
 
The determination of the fractal dimension is given in detail in Appendix 1. 
 
Data analysis  
Time (min)
























Figure 28. Time evolution of z-average hydrodynamic diameter of a 10 mg L-1 hematite suspension determined 
by photon correlation spectroscopy in presence of 125 mM KCl in the presence (о) or absence of FA () FA 5 
mg.L-1 
 
Initially, fractal dimensions obtained using the  two techniques were compared as a function 
of aggregate numbers. Values of the fractal dimensions and the progression of the standard 
deviations of the mean value were monitored as a function of aggregate number.  
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Figure 29. Representation of the average values of df according to number of treated aggregates (A) horizontal 
centrifugation (B) ultra-centrifugation (о) absence of FA () FA 5 mg L-1 
 
From Figure 29, it can been seen that both techniques give similar values of the fractal 
dimensions (convergence of the curves. Furthermore, fractal dimensions (and their standard 
deviations) arrived at a plateau value after the analysis of approximatively 30 aggregates, 
suggesting that this would be an appropriate minimum value for this type of analysis. As the 
two methods of centrifugation gives values that were not significantly different, the horizontal 
centrifugation technique was employed due to its greater simplicity. Although variability 
among the different grids was not verified, analysis was generally carried out using duplicate 
grids for each treatment.  
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Fractals measured by dynamic scaling 
As shown in the theory, for the DLA regime a log-log plot of the hydrodynamic diameter 
versus time should give a straight line with a slope of 1/df. Fractal dimensions of the hematite 
aggregates were also determined using this technique in the presence and in absence of FA in 















































































































Figure 30. Log-log plot of hydrodynamic diameter versus coagulation time for the DLA regime : KCl=250 mM, 
() in absence of fulvic acids (z) in presence of 5 mg L-1 fulvic acids. The inverse of the slope represents the 
fractal dimension.  Results are summarized in Table 3. 
 
4.5 Mixing procedure used to initiate flocculation experiments  
Two different mixture modes were examined. For several experimental conditions, no 
significant differences were observed in flocculation rates obtained following a manual or an 
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automatic mixing procedure (Fig. 31). Because the automatic mixing procedure was less 
flexible and took  more time to initiate, it was concluded that the manual mixing would be  
appropriate for this study.  
Time (min)



































Figure 31. Automatic (о) versus manual () mixing for two different ionic strengths (A) 80 mM KCl and (B) 20 
mM KCl.  
 
4.6 The choice of the initial physico-chemical conditions used for flocculation 
experiments 
Based upon the EPM measurements (Fig. 23), it was clear that the hematite suspension 
stability was most critical at neutral pH values such that time became an important 
experimental parameter (Fig. 32). Even at pH 4, EPM values were verified over time to 
ensure that in the absence or presence of HS the hematite suspensions were stable with time. 
This appeared to be the case, at least for initially stable suspension (e.g. Fig. 33) at low or 
high pH. Great care in experimental preparation and data interpretation was required at 
intermediate pH values near the pHzpc of hematite. 
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Figure 32. 10 mg L-1 hematite at three characteristic pH values : (A) pH=2.86, (B) pH=10.9, (C) pH=6.95 
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5. FORMATION RATES AND STRUCTURE OF IRON OXYDE FLOCS 
IN THE PRESENCE OF NATURAL ORGANIC MATTER: 
1. ROLE OF A FULVIC ACID 
5.1 Introduction  
It is well documented that the adsorption of trace compounds to colloids has an important 
influence on their transport in aquatic systems (Stumm 1992; Stumm 1996). Isolated colloids 
have the tendency to remain suspended in the water column allowing their transport over long 
distances while coagulation or flocculation can facilitate the elimination of colloids from the 
water column by producing aggregates that are large enough to sediment (Martin et al. 1995; 
Guo and Santschi 1997). Although inorganic sedimentation fluxes have been correlated to the 
concentration of natural organic matter (NOM) (Wilkinson et al. 1997), mechanistic 
explanations of the precise role(s) of NOM are rare since it is has been shown both to stabilize 
(Tipping and Higgins 1982; Jekel 1986)  and destabilize (Buffle et al. 1997; Wilkinson et al. 
1997)  inorganic colloids in natural waters. For model systems, a better understanding of the 
roles of model polymers on the stability of inorganic colloids (e.g. (Zhang and Buffle 1995; 
Walker and Grant 1996; Walker and Grant 1996; Ferretti et al. 1997)) including 
environmentally relevant colloids (Tipping and Higgins 1982; Amal et al. 1992) has been 
obtained in recent years. One objective of this chapter is to bridge the knowledge gap between 
the roles of he model polymers and that of the chemically and physically heterogeneous  
NOM found in aquatic freshwaters.  
 
Little experimental work has directly examined either heterocoagulation or the role of 
biopolymers on the flocculation of inorganic colloids in natural waters (Buffle et al. 1998). In 
model and engineered systems, small concentrations of polymers are known to facilitate 
colloidal aggregation due to bridging flocculation or charge neutralization mechanisms while 
larger quantities may restabilize colloidal suspensions by charge inversion or steric 
restabilization (Gregory 1987; Gregory 1992; Wilkinson and Reinhardt 2004). Large 
concentrations of non-adsorbing biopolymer have also been shown to result in the 
destabilization of colloidal suspensions through a depletion flocculation mechanism ((Jenkins 
and Snowden 1996; Odiachi and Prieve 1999; McClemments 2000).  
 
For example, Tipping and Ohnstad (Tipping and Ohnstad 1984) concluded that at low 
concentrations of naturally occuring iron oxide colloids, stability was governed mainly by the 
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opposing forces of van der Waals’s attraction and electrostatic repulsion whereas at higher 
particle or CaCl2 concentrations, aggregation was attributed to a bridging flocculation 
mechanism.  For a variety of particle types, aggregate structures have been shown to be 
related to aggregation rates ((Lin et al. 1989)). Large loose aggregate structures (fractal 
dimensions, df, of ca. 1.7-1.8) have been observed in cases where aggregation kinetics are 
limited only by diffusion (DLA regime), whereas more compact (df of ca. 2.0-2.1) are 
generally observed in the presence of more  reduced colloidal interactions. For hematite, 
Zhang and Buffle have used transmission electron microscopy and static light scattering to 
determine fractal dimensions of hematite aggregates ranging from 1.68 to 1.83 in 100 mM 
KCl at pH 3 (1 mM HClO4) (Zhang and Buffle 1996), in the diffusion limited reaction 
regime, while at lower ionic strengths (<65 mM) corresponding to a reaction limited regime, 
they found more compact aggregate structures with corresponding fractal dimensions of 2.2. 
Few studies on hematite aggregate have been carried out in the presence of NOM. For a pH of 
3 and an ionic strength of 50 mM, Amal et al. (Amal et al. 1992) observed compact hematite 
aggregates with unusually high fractal dimensions of 2.4 when aggregation occurred in the 
presence of 2.5 mg L-1 of humic substances. This result was postulated to be due to a rapid 
restructuring process resulting from the partial surface coverage of fulvic acids on the 
hematite particles.  
 
To our knowledge, no study has systematically followed aggregation rates nor aggregate 
structure of environmental colloids across the range of environmentally relevant pH values, 
especially in the presence of natural organic matter. In this and a companion study (next 
chapter), hematite was used as a model colloid to investigate the role of natural organic 
biopolymers (fulvic acid and a microbial produced exopolysaccharide) on both aggregation 
kinetics and aggregate structure. The role of the fulvic acid is examined systematically in this 
chapter, while the influence of the microbial polysaccharide, succinoglycan, was studied in 
the next chapter.The kinetics of the initial stages of aggregation were evaluated using 
dynamic light scattering while aggregate structures were evaluated by fractal dimensions 
determined by transmission electron microscopy (TEM) and static light scattering (SLS).  The 
role of ionic strength, pH and the concentration and nature of the organic biopolymers were 
systematically investigated. This is one of the first studies of iron oxyde aggregation using 
simultaneous static and dynamic light scattering which allows for the direct determination of 
the aggregation rate constants.  
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5.2 Materials and Methods 
Preparation and quantification of fulvic acids  
A 1 g L-1 stock solution of an aquatic fulvic acid was prepared from a Suwannee River 
standard obtained from the International Humic Substances Society. In each experiment, the 
IHSS standard fulvic acid has a number average molar mass of 711 g.mol-1 (Goldberg and 
Weiner 1994) and a hydrodynamic radius of about 0.8-1.0 nm depending on the pH 
(Schwertmann and Taylor 1977; Balnois et al. 1999; Lead et al. 2000).The principal charged 
functional groups of the fulvic acid are 6.8 mmol g-1 of carboxylic groups and 2.9 mmol g-1 of 
phenolic groups (Goldberg and Weiner 1994).  
 
Aggregation kinetics  
The roles of electrolyte concentration and pH on the temporal evolution of aggregate size 
were examined through variations in the diffusion coefficient measured by dynamic light 
scattering.  An average diffusion coefficient (D) of the colloidal system was obtained from a 
cumulant analysis of the log-transformed autocorrelation function of scattered intensity.  The 
mean hydrodynamic radius (rh) of the colloids and their aggregates was estimated from the 
Stokes-Einstein relationship:  
D
kTrh πη6=                    
 Eq. 51 
where k is the Boltzmann constant, T  the absolute temperature and η  the viscosity of the 
solution.   
 
The relative collision efficiency factors are obtained by comparing the rate of change in 
hydrodynamic diameter for a given experiment (i.e. a given KCl concentration in presence or 
in absence of fulvic acid) to the rate of change for rapid coagulation. This value resembles the 
values of α normally determined over very short times :   
fastk
k
W == 1α                       Eq. 52 
where W is the stability ratio.   Collision efficiency values determined here were calculated 
for the initial 8 minutes of aggregation and sometimes exceeded a size of 1.4 times the 
original monomer size. 
 
In aggregation experiments an aliquot of the concentrated hematite suspension was diluted to 
20 mg L-1 with 1 mM HClO4. Ten mL of the 20 mg L-1 suspension were quickly mixed with 
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10 mL of a pH and ionic strength adjusted KCl stock solution to give a final particle 
concentration of 10 mg L-1. The pH was controlled with HClO4 at pH 3 and 4, 2-[N-
morpholino]ethanesulfonic acid (MES) at pH 6.5 and carbonate at pH 9.5 and 10.5. Following 
mixing, an aliquot of the suspension was immediately (<30 s) transferred into an optical cell 
for DLS measurements.  
 
Simultaneous static and dynamic light scattering measurements were employed for the 
determination of coagulation rate constants without the explicit use of aggregate form factors 
(Holthoff et al. 1996). Absolute coagulation rate constants were determined from the initial 
increase of the measured hydrodynamic radii, R, to a maximum of 1.4 times the size of the 
individual hematite colloidal particles.  
  
Aggregate structure 
Fractal dimensions, df, were determined from measurements of TEM and static light 
scattering.  Over limited range of aggregate radii the mass of the fractal aggregate, m, is 
directly related to the radius of a circumscribing sphere within the aggregate, l , to the power 
of df (Martin and Hurd 1987; Knöchel et al. 1997):  
fdm lα                     Eq. 53 
For a large number of aggregates with a large range of sizes, df can be determined directly 
from the logarithmic plot of particle (or pixel) number as a function of l .  Since TEM images 
are 2D projections of 3D objects, TEM determinations of fractal dimensions are only useful 
for aggregates with fractal dimensions less than 2.  
 
In the absence of multiple scattering, static light scattering can also be used to determine the 
fractal dimensions of aggregates. The intensity of scattered light is a function of the 
magnitude of the scattering wave vector, q, where 
( )2sin4 θλπηoq =                   Eq. 54 
and η0 is the refractive index of the medium, θ is the scattering angle and λ the wavelength of 
the incident laser.  By observing scattering intensity over a range of q values, it is possible to 
probe structural correlations at increasing separation distances within the aggregate. In the 
Rayleigh-Gans-Debye regime, the scattered intensity I(q) of a mass fractal aggregate can be 
described by the following equation:  
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( ) ( ) ( )qSqPkqI =                   Eq.55 
where k is a scattering constant related to the measuring geometry and optical properties of a 
primary particle, P(q) is the primary particle form factor and S(q) the interparticle structure 
factor. S(q) describes the correlation between individual particles in an aggregate and assumes 
that there are no correlations among the aggregates. When qRo >>1, S(q)≈1 and the observed 
scattering is essentially due to  the individual primary particles. On the contrary , when 
1/R<<q<<1/Ro (i.e. R>>Ro) , P(q)≈1 and S(q) reduces to:   
( ) fdqqS −α                     Eq. 56 
Experimentally, the fractal dimension of an aggregate population is determined from the slope 
of the scattered light intensity I(q) as a function of the scattering vector on log-log coordinates 
(Teixera 1986).  In this chapter, fractal dimensions were determined for aggregates of 600 nm, 
though measurements were also made on smaller and larger aggregates for comparative 
purposes.  
 
5.3 Results  
At pH 3 and 4, the hematite particles had positive electrophoretic mobilities  (µE =3.2x10-8  m2 
V-1 s-1 at pH 4, I=5 mM and µE =1.7x10-8  m2 V-1 s-1 at pH 4, I=250 mM) while EPMs were 
negative at pH 9.5 (µE =-0.1x10-8 m2 V-1 s-1 at pH 9.5, I=5 mM and µE =-1.9x10-8  m2 V-1 s-1 at 
pH 9.5, I=250 mM). In the absence of FA, hematite colloids are positively charged at low pH 
(Figure 23), with a zero point charge around pH 7.5-8.  
Added fulvic acid (mg C L-1)
























Figure 34. Adsorption FA by the hematite particles for 100 mg.L-1 hematite at (z) pH 3, () pH 4, (S) pH 6.5 
and () pH 9.5. Ionic strength 5 mM. 
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The adsorption of hematite was influenced by the ionic strength, the pH and the presence or 
the absence of FA. For FA concentrations up to 5 mg L-1, only small concentrations of FA 
remained in solution following equilibrium with 100 mg L-1 of hematite (Fig. 37). For 
intermediate FA concentrations, the slope of adsorbed FA was reduced as a function of the 
solution FA concentration at equilibrium (Fig. 34). A substantial increase in FA adsorption 
was observed above 20 mg L-1. Electrophoretic mobilities decreased with added FA until 
reaching a plateau value at (very) low (environmentally relevant) concentrations of about 0.1 
mg L-1 at every pH and for all the ionic strength range studied (Fig. 35). The trend was similar 
at low and high pH values, i.e. relatively independent of whether or not the hematite was 
positively or negatively charged in the absence of the fulvic acid. For a given pH, the trend in 
the data was similar at all ionic strengths. As expected, EPMs were reduced with increasing 
ionic strength due to a screening of the colloidal surface charge.   
 
 Influence of the ionic strength on aggregation kinetics   
Figure 36 shows the variation of the measured aggregate hydrodynamic diameter with time 
for different electrolyte concentrations at several pH values. Aggregation rates increased up to 
250 mM. The aggregation process could be divided into three parts: a non-aggregating part 
where electrostatic repulsive forces predominate, a fast aggregating regime where there was 
enough salt to counterbalance the repulsive forces such that the growth of the aggregates was 
independent of the salt concentration (diffusion limited aggregation) and an intermediate zone 
where aggregate rate was highly dependent on the salt concentration (reaction limited 
aggregation). Initial aggregation rates (t < 10 min) were normalized by dividing by the fastest 
observed rate (Virden and Berg 1992). Relative collision efficiencies were plotted against 
ionic strength for each pH value (Fig. 37). In the absence of FA and above an ionic strength of 
250 mM, a maximum aggregation rate was observed at pH 3, suggesting a DLCA regime 
where the coagulation rate constant was independent of the electrolyte concentration. Very 
low critical coagulation concentrations were observed in the absence of fulvic acid, especially 
at pH 6.5, 9.5 and 10.5. The presence of 5 mg L-1 FA (open points), was sufficient to decrease 
aggregation efficiencies for nearly every pH and ionic strength examined. Nonetheless, it 
would be oversimplified to state that the presence of fulvic acids always results in a stabilized 
colloidal suspension. In fact the iron oxides continued to coagulate, under most conditions of 
pH for sufficiently high ionic strength values. 
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Figure 35.  Effect of fulvic acid adsorption on electrophoretic mobilities. Electrophoretic mobilities of hematite 
particles as a function of fulvic acid concentration at different ionic strengths, (Ο) 5 mM, () 50 mM, (U) 250 














































































































Figure 36. Typical time evolution of z-average hydrodynamic diameter of hematite determined by photon 
correlation spectroscopy with various concentrations of electrolyte (KCl) in presence en absence of fulvic acids 
(FA) at pH 4, 6.5 and 10.5. (A, C, E) witout FA and (B, D, F) with FA. Hematite concentration 10 mg L-1, FA 5 
mg L-1.  { 250 mM, z225 mM, U200 mM, S150 mM,  125 mM, 100 mM, V 85 mM, T 70 mM,   50 
mM, ¡ 20 mM,  5 mM. 
 
Influence of pH on aggregation kinetics   
In the absence of FA there was often a clear distinction between slow and fast aggregation 
regimes with the limit between the two regimes being defined by the CCC. At pH 6.5, near 
the zero point charge of the bare hematite particles, fast aggregation kinetics, likely 
corresponding to a diffusion limited aggregation, were observed in absence of fulvic acids at 
all examined ionic strengths. At pH 9.5, the relative apparent stability ratios showed that in 
the absence of FA, the critical coagulation concentration of the system occurred around 20 
 77
mM. On the other hand, in the presence of FA, the aggregation rate increased progressively 
for ionic strengths between 20 and 250 mM. At pH 3 and 4 in absence of FA, a large amount 
of electrolyte, respectively 80 and 100 mM was required to destabilized the hematite 
suspension.  
























































































pH 3 pH 4
pH 6.5 pH 9.5
pH 10.5
 
Figure 37. Relative collision efficiency factors as a function of salt concentration at different pH values. (A) pH 
3, (B) pH 4, (C) pH 6.5, (D) pH 9.5 and (E) pH 10.5 in presence (о) and in absence () of fulvic acids. Hematite 
concentration was 10 mg L-1, FA 5 mg L-1. 
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Coagulation rate constants 
SSDLS was also used to obtain the rate constants for the initial formation of hematite dimers. 
von Smoluchowski theory predicts a value of 12.2 x10-18 m3 s-1 (Elimelech et al. 1995) for the 
coagulation rate constant in pure water at 25°C. Fast coagulation rate constants for the 
hematite particles with 250 mM of electrolyte in the presence and absence of organic matter 
were 27-72% lower than this theoretical value (Table 9, Fig. 39a). Furthermore, the presence 
of FA did not appear to have a significant effect on the value of k11 (Fig. 39a) despite the fact 
that the relative aggregation rates determined over the first 8 minutes of the experiment were 
significantly slower in the presence of FA (Fig. 39b). As expected, the relative role of pH was 
similar for k11 values and collision efficiencies with values decreasing slightly for the higher 
pH values (Fig. 39a, 39b).  Nonetheless, no effect of the fulvic acid was observed on the k11 
values, while a significant and reproducible decrease in aggregation rates was observed over 
the longer term experiments. This apparent discrepancy is discussed later in the chapter.    
 
 
Aggregate Structure  
Fractal dimensions of hematite aggregates formed in the presence (5 mg L-1) and absence of 
FA were measured either by SLS and TEM in the reaction limited regime or by SLS and 
dynamic scaling in the diffusion limited regime, i.e. 250 mM ionic strength of KCl (Table 7). 
The results obtained with SLS are in relatively good agreement with the universality law in 
colloid aggregation theory; fractal dimensions between 1.6 and 1.8 are the expected values for 
the DLA regimes. Similarly, for determinations using SSDLS, no evolution of the scattering 
exponents was observed with time (Figures 38, 39c). Note that measurements were less 
reproducible at pH 6.5, near the zero point charge. Fractal dimensions obtained using SSDLS 
were equivalent in the presence and absence of FA. For example, at pH 4, df = 1.67 ± 0.02 in 
presence of fulvic acids and 1.68 ± 0.02 in absence of organic matter. At pH 6.5 and 9.5, a 
similar effect was observed (pH 6.5: 1.91 ± 0.02 (with FA); 1.89 ± 0.02 (without FA); pH 9.5 













































































pH 3 pH 4
pH 6.5 pH 9.5
pH 10.5
Figure 38. Scattering from the diffusion limited aggregation regime without fulvic acids for 10 mg L-1 hematite 











Table 7. Scattering exponents obtained from static light scattering studies and fractal dimensions obtained from 
image analysis and dynamic scaling. The salt concentration was 250 mM. 
 
pH FA (mg L-1) Scattering exponent Dynamic scaling 
0 1.52 ± 0.11 1.92 ± 0.05 4 
5 1.51 ± 0.06 1.84 ± 0.01 (*) 
0 1.67 ± 0.01 1.81 ± 0.01 6.5 
5 1.71 ± 0.03 1.99 ± 0.02 (*) 
0 / 1.88 ± 0.03 9.5 
5 / 1.73 ± 0.01 
0 1.51 ± 0.04 1.82 ± 0.01 10.5 
5 1.79 ± 0.05 1.75 ± 0.01 (*) 
 
(*) TEM derived values were : 1.82 ± 0.04 (pH 4, 5 mg L-1 FA), 1.82 ± 0.02 (pH 6.5, 5 mg L-1 
FA), 1.80 ± 0.03 (pH 10.5, 5 mg L-1 FA) 
 
 
Table 8. Mean values of fractal dimensions obtained by SSDLS at different pH values in DLCA regime 
(hematite 10 mg L-1, KCl 250 mM) and relative aggregation efficiency factors for the same conditions.   
 
 
pH df (SSDSLS) Alpha 
3 1.66 ± 0.02 1± 0.075 
4 1.75 ± 0.02 0.76± 0.06 
6.5 1.98 ± 0.08 0.63 ± 0.04 
9.5 1.69 ± 0.02 0.70± 0.04 
10.5 1.71 ± 0.02 0.63 ± 0.04 
 
5.4 Discussion 
Adsorption and electrophoretic mobility data demonstrated that the fulvic acids were 
adsorbed to the hematite colloids with a resulting modification of the colloidal surface charge 
at every pH and ionic strength range studied (Figs. 34, 35). Significant adsorption of the FA 
was observed even for conditions where both the FA and the hematite were negatively 
charged. Such an observation cannot be simply explained by DLVO theory. Fulvic acids are 
chemically heterogeneous colloids with potential interactions due to non-DLVO effects 
(Grasso 2002) such as hydratation effects, hydrogen bonding or non polar interactions. Since 
the hydrodynamic diameter of FA is around 1-2 nm (Balnois et al. 1999; Lead et al. 2000), 
the interaction of a FA with a hematite particle (dh=75 nm) corresponded to their adsorption 
(Sposito 1984; Gu et al. 1994), resulting primarily in the modification of the colloidal 
properties, including the surface potential. 
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Rough calculations based upon the surface available for adsorption and the sizes of the FA 
molecules indicated that less than 1 mg L-1 was necessary to cover the bare hematite particles. 
In fact, adsorption continued at much higher FA concentrations.  The absence of a plateau 
value in the adsorption experiments has been observed previously and has been attributed to 
the lateral interaction of FA molecules with other FA molecules through a hydrophobic effect, 
promoting further adsorption and hemimicelle formation. Such a phenomenon is consistent 
with the amphipatic nature of fulvic acid (contains both hydrophobic and hydrophilic 
moieties) (Amal et al. 1992). This trend is the same for all the pH values studied.  
 
Liu et al. (Liu and Gonzalez 1999) have studied the phenomenon of metal 
adsorption/desorption in a ternary system composed of metal ions, humic acids and clays 
(montmorillonite). They showed that for a constant ionic strength, the quantity of humic acid 
adsorbed on clay decreased when the pH increased. Furthermore humic adsorption on clay 
was increased in the presence of divalent cations in solution. Liu et al. concluded that divalent 
cations bridging was a dominant mechanism which occurred during the adsorption of the HS 
by montmorillonite. Other authors such Ceppi et al. (Ceppi et al. 1998) have proposed that the 
proton exchange was the principal adsorption mechanism in acid medium, due to 
conformational changes and due to changes in surface reactivity. In the absence of electrolyte 
they showed that adsorption depended first on the zero point charge (ZPC) and then on the 
global charge of he HS. In the presence of cations the physicochemical characteristics of the 
macromolecules (aromaticity, size, form,  structure) were more important. 
 
In spite of an increasing FA adsorption, EPM values were nearly constant from low 
concentrations of FA (> 0.5 mg L-1).  Indeed, various inorganic colloids in contact with FA 
tend to adopt a familiar negative surface charge (Tipping and Higgins 1982; Tombacz et al. 
1999) irrespective of their intrinsic chemical nature. Therefore, under most conditions, 
adsorbed fulvic acids stabilized hematite suspensions through an increase in electrostatic 
repulsion among colloids. Although the magnitude of the effect depended on both the pH and 
the ionic strength of the medium, a net stabilizing effect of the FA was observed for all the pH  
values studied.  
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Figure 39. (A) Fast coagulation rate constant as a function of pH. (B) Relative aggregation efficiency factor as a 
function of pH. (C) Scattering exponents from SSDLS experiments as a function of pH. in presence (о) and 
absence of fulvic acids(). Hematite concentration 10 mg L-1, electrolyte concentration 250 mM. 
 
 
For all pH values, aggregate growth was sensitive to the ionic strength. This is typical 
behavior for charged colloids, as the salt screens the repulsive forces originating from the 
particle surface charge. Indeed, in the reaction limited aggregation regime, an increase in the 
ionic strength lead to increases in the aggregation rate as the repulsive barrier was 
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increasingly decreased. The fast aggregation regime (DLA) was insensitive to ionic strength 
variations, i.e. no significant differences in aggregation kinetics were observed for electrolyte 
concentrations higher than 250 mM. The transition between the two regimes occurred at a 
characteristic salt concentration that was quantified by the CCC.   
 
Table 9. Fast coagulation rate constants value for different pH values in presence or in absence of fulvic acids. 
pH FA (mg.L-1) Fast Coagulation Rate Constants (x10-18 m3.s-1) 
0 7.8 ± 2.8 3 
5 8.86 ± 2.2 
0 4.92 ± 0.9 4 
5 4.81 ± 0.8 
0 3.29 ± 0.8 6.5 
5 5.22 ± 0.6 
0 4.18 ± 1.7 9.5 
5 7.12 ± 2.7 
0 5.72 ± 3.4 10.5 
5 6.81 ± 3.0 
 
It was clear that the FA had a significant stabilizing effect on the aggregation of the colloidal 
hematite under most conditions. Under no conditions was a charge neutralization observed 
that could have lead to a colloidal destabilization (Fig. 35), although this could have been 
possible for very low concentrations of FA for pH values below the pHzpc of the bare 
hematite. When FA were added to the system, no distinct value of CCC could be obtained 
from the stability curves (e.g. Fig. 37).  Indeed, in the presence of FA, the slope between the 
slow and the fast aggregation regimes was reduced as compared to the suspension in the 
absence of FA. Such an observation has previously been attributed to an increasing surface 
heterogeneity which would certainly be expected for the FA coated hematite (Schudel et al. 
1997).    
 
Few quantitative determinations of CCC values have been made for hematite in presence of 
fulvic acids or for pH values other than 3 and 4. At pH 3 and 4, the CCC values of 80 and 100 
mM were in reasonable agreement with literature values ranging from 62-72 mM (Zhang and 
Buffle 1995; Amal and Bushell 1997; Verrall et al. 1999), with the small difference in 
observed values being explained by differences in particle sizes and shapes. As mentioned 
above, it is more difficult to speak of a CCC value in the presence of fulvic acids due to the 
less distinct transition between the RLA and DLA regimes. Nonetheless, a critical coagulation 
concentration of 100 mM KCl at pH 3 and ≈130 mM KCl at pH 4 are in reasonable agreement 
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with the value of 157 mM found for a system containing 10 mg L-1 of hematite and 10 mg L-1 
of humic substances at pH 4 (Verrall et al. 1999).  
 
The variation of k11 across the range of pH values examined here was unexpected since in the 
diffusion-limited regime, particle reactivity does not affect the aggregation rates and particle 
diffusivity should not be affected by pH.  In fact, since the colloids are closer to the pHzpc at 
pH 6.5, an opposite trend in the data, i.e. larger rate constant pH 6.5 might be expected. We 
hypothesized that the value of k11 determined at pH 6.5 may have been biased by the initial 
presence of small aggregates in the hematite suspensions, thereby reducing slightly the 
measured reaction rate due to a reduction in particle number and a reduced particle diffusion. 
This hypothesis was verified for the data point obtained in the presence of FA by varying the 
order in which the FA was added. The hypothesis would be validated if k11 values increased 
significantly for hematite colloids for larger period with FA under the assumption that the 
aggregates would be completely dissociated. This experiment also should have provided 
insight into the potential discrepancies on the role of FA that could could potentially be drawn 
from Fig. 39a and 39b since a slow adsorption of the FA could explain why no differences 
were observed among the k11 values obtained in the absence or presence of FA while a 
significant effect was observed for the relative aggregation efficiencies. In fact, no significant 
difference in the k11 value was observed when the hematite was pre-equilibrated with the FA 
for 1 minute or 12 hours (data not shown) suggesting both that no limitation due to FA 
adsorption was occurring and that an initial presence of aggregates may not have been 
responsible for the lower value of k11 at pH 6.5.  Another possible explanation to explain the 
different conclusions that can be drawn from Figs. 39a and 39b is related to the time scale 
upon which the measurements are made. Coagulation rate constants (k11) were determined for 
the very initial stages of the aggregation process, while collision efficiency values were 
determined over a slightly larger interval of time. Indeed, over the short times that were 
employed to determine the k11 values, no differences were seen between curves measured in 
the presence or absence of FA whereas aggregation rates clearly slowed over longer times 
(Fig. 39).  This suggests that some restructuring of the aggregates may have been occurring 
over the longer times. One might hypothesize that such differences in structure could be 
quantified by the aggregate fractal dimensions.   
 
Infact, no significant differences in scattering exponents were observed for hematite 
aggregates in the presence or absence of FA. Values for all but pH 6.5 were consistent with 
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aggregates formed in the DLA regime, i.e. df≈1.7, and within the range of values previously 
reported for hematite aggregates (Zhang and Buffle 1996; Chorover et al. 1997). Although 
there was a great deal of variation for values obtained using dynamic scaling and transmission 
electron microscopy, trends in the data were generally consistent.  Furthermore, the larger 
value of df obtained at pH 6.5 is consistent both with TEM images and with the observed 
slower aggregation rates under these conditions.  The lack of a significant difference between 
fractal dimensions determined for structures formed in the absence or presence of fulvic acid 
suggests that either the observed reduction in particle reactivity (Fig. 39b) did not have a 
significant effect on aggregate structure or that the quantification of aggregate structure using 
fractal dimensions was not sufficiently sensitive to distinguish small structural differences.  
Future research in this direction is clearly merited.    
 
5.5 Conclusion 
It was shown that light scattering could be used to study aggregation kinetics and aggregate 
structure. In the normal ranges of pH (5-8), ionic strength (1-100 mM) and FA concentrations 
(0.5 to 10 mg L-1) that are found in freshwaters, the adsorption of HS should stabilize 
colloidal suspensions (Tipping and Higgins 1982; Wilkinson et al. 1997) due to a significant 
electrostatic repulsion among the HS covered colloids.  Measured collision efficiency factors 
demonstrated that colloidal hematite was relatively quickly destabilized at low ionic strength. 
In the presence of FA, higher electrolyte concentrations were required to provoke 
destabilization.  Although aggregation rates could be related to aggregate structures, our data 
demonstrated that this might not always be a universal process in the presence of natural 






6.  FORMATION RATES AND STRUCTURE OF IRON OXYDE FLOCS 
IN THE PRESENCE OF NATURAL ORGANIC MATTER: 
2. INFLUENCE OF AN EXOPLOSYACCHARIDE 
 
6.1 Introduction  
Although humic substances (HS) are generally the most important component of natural 
organic matter (NOM) (typically 40-80%) in freshwaters (Thurmann 1985), rigid biopolymers 
including the structural, fibrillar polysaccharides and flexible biopolymers such as proteins 
and reserve polysaccharides may also contribute significantly to the functioning of systems. 
Indeed, in wastewater treatment processes and model systems, large molar mass polymers 
have been shown to adsorb significantly to inorganic colloidal particles, inducing their 
flocculation by bridging (Dickinson and Eriksson 1991). In freshwaters, recent evidence 
suggests that the high molar mass biopolymers may have an important role in controlling 
particle coagulation in lakes and rivers (Buffle and Leppard 1995; Wilkinson et al. 1997). 
Instead of decreasing the coagulation rates of the inorganic particles as has been observed for 
the HS (Tipping and Higgins 1982; Amal et al. 1992)(see Chpater 5), it has been suggested 
that the rigid biopolymers may increase the coagulation rate of inorganic particles (Wilkinson 
et al. 1997; Buffle et al. 1998).  
 
In model systems, it has been demonstrated that the adsorption of negatively charged 
polyelectrolytes on positively charged iron oxide colloids (hematite) resulted in colloidal 
destabilization but only for a limited range of surface coverages, i.e. those very close to 
charge neutralization (Liang and Morgan 1990; Ferretti et al. 1997). On the other hand, 
bridging flocculation of colloidal hematite has been demonstrated in the presence of the 
neutral triple helical polysaccharide, schizophyllan (Ferretti et al. 2003). In that case, 
environmentally realistic (i.e. < 1 mg C L-1) concentrations of the polysaccharide were 
required to induce the bridging flocculation.  Aggregates formed in these conditions (pH 3 or 
4.5, I= 1 mM) had relative compact structures with fractal dimensions of 2.04 (Ferretti et al. 
2003). Using DNA block copolymers as a model rigid biopolymer, Walker and Stanley 
(Walker and Grant 1996; Walker and Grant 1996; Walker and Grant 1996) studied the role of 
the absorbed polymer conformation on flocculation and stabilization of colloidal particles. 
They found that when the bare latex particles were positively charged, the DNA was adsorbed 
flat on the surface and particle stability depended primarily on polymer surface coverage. On 
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the other hand, for negatively charged latex particles and higher salt concentrations (1 M 
NaCl) the molecules adopted a polymer brush configuration that stabilized the particles due to 
steric interactions.  Bob and Grant (Bob and Walker 2001) have also studied the polymer-
induced coagulation of colloidal (120 nm) latex particles. In the presence of a humic acid, 
they demonstrated that the addition of a polymeric flocculent (polyvinyl alcohol) effectively 
coagulated the latex particles due to polymer bridging. On the other hand, they showed that 
when the particle surface was saturated with humic acid, the particles were stable at all added 
doses of PVA as a result of repulsive electrostatic interactions between primary particles and 
a decrease in the number of active sites available for bridging.  
 
Very few data are available in the literature in which the roles of polysaccharides are 
examined in the presence of the more ubiquitous humic substances. In the previous chapter, it 
was shown that the HS generally stabilize colloidal hematite under a wide range of pH and 
ionic strengths, inconsistent with the observed positive correlation between colloidal 
sedimentation fluxes and natural organic matter concentrations obtained from field data 
(Wilkinson et al. 1997). In this paper, it was hypothesized that even in the presence of HS, 
small concentrations of microbial polysaccharides could lead to the flocculation of inorganic 
colloids, subsequently increasing sedimentation fluxes.  The effect of an anionic microbial 
polysaccharide was examined using the model system that had been thoroughly characterized 
in the previous chapter.  The aggregation of hematite was studied using simultaneous static 
and dynamic light scattering in order to determine both aggregation rates and floc structures. 
Transmission electron microscopy was also used to visualize the aggregates and 
electrophoretic mobility measurements were performed in order to estimate the magnitude of 
the electrostatic repulsion among the colloids. 
 
6.2 Materials and Methods 
Preparation and characterization of the model substances 
The preparation and characterization of the colloidal hematite has been described previously 
(see Chapter 3) (Penners and Koopal 1987). An aquatic fulvic acid (Suwannee River standard 
fulvic acid) was purchased from the International Humic Substances Society (IHSS), prepared 
as a concentrated stock solution (1 g L-1), left 12 hours then diluted to the prior to use. This 
method of preparation has been previously shown to eliminate HS aggregates under the 
examined conditions (Lead et al. 2000).  
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The gram negative bacteria, Rhizobium meliloti Rm1021 was employed to produce the 
exopolysaccharide used in this work. R. meliloti was grown in Rhizobium minimum medium. 
Bacterial growth was evaluated using optical density measurements (λ=660 nm). The culture 
was grown until its stationary growth phase where it was maintained for 10 days. 
Exopolysaccharides were extracted by first centrifuging the solutions to remove the bacteria 
then adjusting the pH of the supernatant to 7.5 with 1 M NaOH. Protease (0.5 mg.L-1 of 
Subtilisin A., Sigma) was added, mixed and left for 12 hours at 37°C. The solution was then 
cooled to room temperature and adjusted to pH 7 with 1 M HCl. Precipitation of the 
polysaccharides was provoked by allowing the solutions to stand for 12 hours following the 
addition of 30 g L-1 of NaCl and 4 volumes of 95 % ethanol. Following filtration on 0.22 µm 
PVDF filters (Millipore), the precipitate was redissolved in 150 mL of Milli Q water (R>18 Ω 
cm) and the precipitation-solubilization procedure was repeated 3x. The polysaccharide thus 
obtained was dialyzed against water for 7 days using a 6-9 kDa membrane cutoff with water 
renewal every 12 hours. The retenate was lyophilized, homogenized and used in all further 
experiments. R. meliloti is thought to mainly produce an anionic bacterial polysaccharide 
(succinoglycan) (Her et al. 1990; Reinhold et al. 1994) that is composed of octasaccharide 
subunits consisting of one galactose and seven glucose residues, with acetyl, succinyl and 
pyruvyl functional groups  (Aman et al. 1981).  
 
Polysaccharide concentrations were calculated by estimating that carbon comprised 44.9% of 
the biopolymer (based on theoretical calculations for the known structure of succinoglycan). 
Molar masses were estimated both by size exclusion chromatography followed by triple 
detection system (low angle light scattering, viscosimetry, refractometry) or by flow field 
flow fractionation followed by multiple angle light scattering.  
 
Electrophoretic mobility experiments 
Electrophoretic mobility (EPM) measurements were performed at pH 4 and 10.5. Ionic 
strengths were maintained constant at 5 or 250 mM KCl. Experiments were performed in the 
presence or absence of 5 mg L-1 of fulvic acid with polysaccharide concentrations between 0 





Flocculation/aggregation experiments  
Relative collision efficiency factors were obtained by comparing the rate of change of the 
hydrodynamic diameters for a given experiment to the rate of change obtained under 
conditions of rapid coagulation. For the data presented here, slopes were used over the first 8 
minutes of the experiment. Because values of diameters were generally superior to the size of 
the individual particles, these factors are not, strictly equivalent to α values. All experiments 
were performed at 25 °C. 
 
Measurements of aggregate structure  
 The method to evaluate aggregate structure was described in the previous Chapter.  
 
6.3 Results  
Interaction of the exopolysaccharide with the hematite 
Electrophoretic mobilities of the hematite were measured as a function of the concentration of 
succinoglycan in the presence or absence of 5 mg L-1 of IHSS fulvic acid (Figure 40). In the 
absence of fulvic acid, electrophoretic mobilities attained a relatively constant and negative 
value for low additions of succinoglycan (i.e. <5 mg C L-1).  The hematite had a significantly 
negative electrophoretic mobility for all succinoglycan concentrations that were examined 
(i.e. > 0.5 mg C L-1).  On the other hand, in the presence of 5 mg L-1 of fulvic acid, the 
addition of the exopolysaccharide reduced the negative electrophoretic mobility of the ternary 
system at low pH (Fig. 40a, 40b) while at high pH, little effect was noted (Fig. 40c, 40d).  In 
all cases, electrophoretic mobilities reached plateau values for relatively low concentrations < 
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Figure 40. Effect of the EPS on electrophoretic mobilities. Electrophoretic mobilities of hematite as a function of 
EPS at different ionic strength in presence or absence of FA. (A) 5 mM KCl pH 4, ({) with FA, () without FA. 
(B) 250 mM KCl pH 4, ({) with FA, () without FA. (C) 5 mM KCl pH 10.5, () with FA, () without FA. (D) 
250 mM KCl pH 10.5, ({) with FA, () without FA. 
 
The addition of even larger quantities of exopolysaccharide had no significant effect on the 
electrophoretic mobilities. The trend was similar at low and high pH values and at low and 
high ionic strengths of 5 mM and 250 mM even though plateau values varied from ca. –
1.5x10-8 m2 V-1 s-1 at high ionic strength to -3x10-8 m2 V-1 s-1. EPM values indicated that for 
all experimental conditions in the presence of either exopolysaccharide or fulvic acid, 
significant electrostatic repulsion would occur due to a significant negative charge on the 





Role of the succinoglycan on aggregation kinetics 
The hydrodynamic diameters of the hematite aggregates were followed as a function of time 
for a wide range of exopolysaccharide concentrations at three different pH values (4, 6.5, 
10.5) corresponding to values that were below, near and above the pHzpc of the bare hematite 
particles.  Aggregates sampled after ca. 80 minutes were examined by transmission electron 
microscopy for several exopolysaccharide concentrations (Figs. 41i-iv). A typical plot of 
aggregation kinetics is given in Fig. 41A for several succinoglycan concentrations.  The ratio 
of the initial slope (initial 8 min.) was normalized to the fastest observed aggregation kinetics 
at a high salt concentrations in order to produce the Figure 41B which demonstrates that the 
flocculation of hematite attains a maximum at an intermediate concentration of 
exopolysaccharide.  For the most environmentally relevant polysaccharide concentrations (0-5 
mg C L-1), aggregation increases as the exopolysaccharide concentration increases.   
 
i : 3.65 mg C L-1 ii : 5.96 mg C L-1 iii : 14.33 mg C L-1 iv : 43.77 mg C L-1 
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 Figure 41. Four transmission electron micrographs of hematite aggregates taken at various EPS concentration. 
(A) Typical time evolution of the z-average hydrodynamic diameter as a function of EPS concentration at pH 4 
and  90 mM KCl .   0 mg C L-1, z 1.33 mgC.L-1, U 3.65 mg C L-1, T 6.53 mg C L-1,  14.33 mg C L-1,  
25,63 mg C L-1,{ 42.73 mg C L-1, S 47.85 mg C L-1. (B) Relative collision efficiency factor as a function of 
EPS concentration at pH 4 and  90 mM KCl 
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Relative aggregation efficiency factors of the ternary systems were evaluated at pH 4, 6.5 and 
10.5 (Fig. 42). Two ionic strengths were examined on the basis of the aggregation data 
observed in the absence of exopolysaccharide. For the unstable suspensions undergoing 
diffusion limited aggregation, the addition of polysaccharide may have had a stabilizing 
effect, especially at very high polysaccharide concentrations (filled points, Fig. 42).  For 
example, for 150 mM ionic strength at pH 4, the aggregation rate was reduced by 50% in the 
presence of 48 mg C L-1 as compared to in its absence (Figure 42A). Small additions of 
exopolysaccharides (<5 mg C L-1) did not have a visible influence on the aggregation kinetics 
occurring in this regime at least in the early stages of the aggregation process. On the other 
hand, for initially stable suspensions of hematite-fulvic acid (open points, Fig. 42), the 
addition of polysaccharide appeared to induce flocculation at intermediate polysaccharide 
concentrations, similar to the results observed in Fig. 41. Despite the substantial increase in 
aggregation kinetics, fast rates obtained due to the addition of polysaccharide were always 
lower than the fastest rates observed in the presence of salt.  At pH 6.5 which corresponded to 
a pH that was near the zero point charge of the bare particles, little effect of the added EPS 
was observed in either the DLCA or RLCA regime (Figure 42B).  
 
Structure of the hematite flocs  
Scattering exponents determined by static light scattering were measured over time (Figure 43 
and 44). Values obtained before the aggregate was sufficiently large with respect to the size of 
the primary particle were not taken into account.  Scattering exponents appeared to attain a 
reasonably constant value from ca. 400 nm.  Scattering exponents for each of the experiments 
were determined for a DLCA and RLCA condition at each of the three-pH values examined 
(4.0, 6.5, 10.5).  Large values of the scattering exponent (ca. 2.1) are generally accepted to 
correspond to the more compact structures of RLA while smaller values (ca. 1.7) generally 
correspond to the more open structures of the DLCA flocs. The results obtained in the 
presence of exopolysaccharides clearly did not always follow the universality laws expected 
from classical colloidal aggregation concepts (Lin et al. 1989).    
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Figure 42. Relative collision efficiency factor as a function of EPS concentration at different pH values and ionic 
strength. (A) pH 4  150 mM KCl, c 50 mM KCl. (B) pH 6.5  250 mM, c 80 mM. (C) pH 10.5,  150 mM, 











































Figure 43. Scattering exponent obtained from SSDLS as a function of time. In inset typical time evolution of the 
z-average hydrodynamic diameter of hematite particles in presence of EPS. c 3.05 mg C L-1,  5.97 3.05 mg C 










































Figure 44. Scattering exponent obtained from SSDLS as a function of time. In inset typical time evolution of the 
z-average hydrodynamic diameter as a function of EPS concentration at pH 4 for three different ionic strength. 
90 mM KCl. { 1.796 mg C L-1, 2.03 mg C L-1,  U 3.21 mg C L-1,  4.72 mg C L-1, T 8.46 mg C L-1,  6.81 
mg C L-1, S 15.06 mg C L-1, V 9.15 mg C L-1. 
 
In the presence of 150 mM KCl at pH 4, scattering exponents were small and constant 
between 1.71 and 1.73, even for the high exopolysaccharide concentrations that were thought 
to aggregate according to the RLCA regime. That suggests that even if the aggregation rate 
was reduced by increasing the exopolysaccharide concentration, there was no apparent effect 
on the structure of the flocs. Scattering exponents obtained for 90 mM ionic strength were 
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more coherent with the aggregation kinetics, with data suggesting compact flocs for the 
lowest concentrations of EPS and progressively looser flocs as one progressed to higher 
concentrations (note the different x-axes in Fig. 42 and 45).  At pH 6.5 and 10.5, the observed 
scattering exponents suggested fairly compact aggregate structures in line with slow 
aggregation kinetics.   
 
6.4 Discussion 
Proposed mechanism for the role of the EPS 
Biopolymers have been well documented to influence colloidal aggregation by a number of 
mechanisms including electrostatic effects (charge stabilization or neutralization/ 
destabilization) (Gregory 1996; Zhang et al. 1999); steric stabilization (Walker and Grant 
1997);  bridging flocculation (Walker and Grant 1996; Walker and Grant 1996; Ferretti et al. 
2003) and depletion flocculation (Buffle et al. 1998; Burns et al. 1999; Biggs et al. 2000; 
Burns et al. 2002; Wilkinson and Reinhardt 2004).  In the presence of HS alone, electrostatic 
effects appear to be responsible for an observed stabilization of colloidal hematite (Tipping 
and Higgins 1982; Gibbs 1983; Amal et al. 1992; Gu et al. 1994). Given the EPM results, the 
observed destabilization of the ternary system cannot be due to charge neutralization.  
Because the EPS were shown to be most effective in destabilizing the hematite at low 
concentrations and since further addition of the EPS resulted in colloidal restabilization, it is 
unlikely that a depletion flocculation mechanism was occurring. On the other hand, the results 
were consistent with previous Monte Carlo simulations of a bridging flocculation mechanism 
(Stoll and Buffle 1995; Stoll and Buffle 1996; Stoll and Buffle 1998). Furthermore, the 
observation that the maxima in the graphs of aggregation efficiency in the presence of EPS 
(e.g. Fig. 42) did not attain the maxima observed when inorganic salts were employed to 
induce flocculation suggests that the aggregation was not due to a screening effect.  In 
literature examining the bridging flocculation mechanism (Ferretti et al. 1998; Ferretti et al. 
2003), the decreasing aggregation rates observed at high polymer concentrations were 
generally attributed to an unsuitably high polymer: colloid ratio that decreased the contact 
frequency of the different components. Another reasonable explanation for the decreasing 
aggregation rates at high polysaccharide concentrations in both the DLA and RLA regimes 
could result from the steric stabilization of the colloids by the negatively charged EPS at high 
surface coverages.  In that case, the adsorption of a thick layer of EPS (i.e. thicker than the 
Debye layer) would be expected to prevent the approach of adjacent colloidal particles.        
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Figure 45. Mean values of fractal dimension obtained from SSDLDS as a function of EPS concentration. (A) pH  
4  150 mM, c 90 mM. (B) pH 6.5  250 mM. (C) pH 10.5  150 mM, c 90 mM. 
 
 
The role of ionic strength is complex with potential conformational effects occurring for both 
the fulvic acid and the polysaccharide in addition to direct screening effects on the inorganic 
colloidal surface.  For example, in the absence of salt, succinoglycan has been shown to favor 
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a more ordered state at higher ionic strengths in the presence of divalent cations (Gravanis et 
al. 1990; Balnois et al. 2000) due to the screening or complexation of functional groups found 
on the lateral side chains of the molecule (Fig. 11).  Even at low ionic strength, the persistence 
length of the polysaccharide (36 nm, (Balnois et al. 2000)) may be long enough to extend 
beyond the double layer thickness of the hematite colloids. At higher ionic strength, polymer 
rigidity is expected to increase due to the collapse of the side chains, thus increasing the 
possibilities for polymer bridging. For the sample that was isolated here, by assuming a length 
normalized molar lass of 750 g mol-1 nm-1 for a single chain of succinoglycan (Gravanis et al. 
1990) and number average molecular weight of 1.63x106 g mol-1, it is possible to estimate a 
number-average end–to-end distance of about 2170 nm, clearly long enough to bridge a large 
number of colloidal particles (hematite diameter:  ≈ 47 nm).    
 
At higher salt concentrations, double layer thicknesses and electrostatic repulsion between the 
negatively charged fulvic coated particles are already reduced due to an ionic strength effect, 
resulting in easily coagulating systems.  In that case, the EPS had little effect at low 
concentrations and had a stabilizing effect at higher concentrations.  It is reasonable to 
postulate that at high ionic strength, the reduction in the electrostatic repulsion was sufficient 
to facilitate greater adsorption of the polysaccharide to the point where it could slow contact 
among the colloids by physically preventing their approach. It is possible to estimate that 0.5 
mg L-1 of EPS, well inferior to the quantities of EPS that were added, would be required to 
entirely cover the available colloidal surface.  
 
The addition of EPS appeared to result in more loose aggregate structures that did not 
necessarily correspond to more rapid aggregate formation kinetics. An interesting observation 
was noted at pH 4 for 90 mM of ionic strength where the fractal dimension decreased from 
2.07 to 1.79, i.e. from a compact to a more open structure, as EPS concentration increased 
from 2 to 15 mg C L-1. In the RLA regime, fractal dimensions of 2.83 have been observed 
previously for hematite at pH 3.0 (Amal et al. 1992).  In the presence of polymer, Ferretti et 
al. (Ferretti et al. 1998) obtained a value of 1.92 for the aggregation of hematite induced by 
polyacrylic acid in the pre-DLA regime and 2.08±0.05 for the aggregation in the presence of 
schizophyllan (Ferretti et al. 2003). At pH 4 and 150 mM, little variation of the scattering 
exponent was observed over time, demonstrating an absence of restructuration in the DLA 
regime.  In agreement with the SSDLS data, transmission electron micrographs (Fig. 46) 














Figure 46. Transmission electron micrographs of hematite aggregates in the DLA (right column) and the RLA 
(left column)  regimes at pH 4 (A, B, C and D) and pH 10.5 (E, F, G and H).  A, B, E, F are aggregates without 
EPS. Fractal dimensions have been determined by TEM, or SSDLS. (A) TEM : 1.84 ± 0.02 SSDLS : 1.75 ± 
0.02. (B) TEM 2.18 ± 0.003. (C) SSDLS : 1.7 ± 0.02. (D) TEM : 1.78 ± 0.002 . (E) TEM : 1.83 ± 0.03. (F) 2.05 
± 0.09. (G) SSDLS : 1.92 ± 0.03. (H) SSDLS : 2.12 ± 0.02. Bars in the figure correspond to 500 nm.   
 
Scattering exponents were necessarily determined after allowing aggregates to form, while the 
relative aggregation efficiencies are determined in the initial few minutes of the experiment.  
Nonetheless, no restructuration of the aggregates that might explain the observed lack of 
correlation between floc structure and aggregation kinetics that occurred in the DLA regime at 
pH 6.5 (Fig. 42b, 45b).  Indeed as demonstrated in Fig. 43 and 44, scattering exponents were 
obtained over time such that evolutions in the aggregate structure could be identified and 
quantified.  No significant variations in scattering exponents over time could explain the 
apparent loose structures observed in RLA regime.  This observation may be consistent with a 
particle bridging mechanism.  
 
6.5 Conclusions 
Aggregation kinetics and aggregate structures of hematite FA-coated particles in the presence 
of EPS (primarily succinoglycan) were examined under various conditions of pH and ionic 
strength. The addition of low concentrations of succinoglycan tended to increase aggregation 
rates in the reaction limited aggregation regime, presumably due to bridging flocculation. For 
higher concentrations of EPS or for colloids aggregating in the diffusion limited regime, EPS 
addition decreased the rate of aggregation, potentially due to a steric barrier to coagulation.  
The structure of flocs formed in the presence of EPS could not necessarily be predicted from 
their aggregation kinetics.  The presence of EPS either opened up the floc structure or had no 
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effect even though aggregation kinetics could generally be described to be in a reaction 
limited aggregation regime.  Such results should be useful for understanding floc formation in 




Organic matter is an important component of natural waters. Due to its variable origin, it is 
always a complex, heterogeneous mixture of reactive molecules and macromolecules. The 
available bibliography describing the physicochemical nature of organic matter and its roles 
in the flocculation process is either incomplete or contradictory. Parameters such as the size 
the charge and persistence length are essential to understanding the influence of NOM. In this 
thesis, we have attempted to advance our knowledge of the roles of NOM by performing a 
systematic study of the roles of two model biopolymers, an aquatic fulvic acid and a microbial 
exopolysaccharide on coagulation and flocculation processes of an inorganic colloid, 
hematite. In order to quantify the role of the biopolymers, light scattering techniques 
principally DLS and SSLDS were employed in addition to electrophoretic mobility and 
adsorption measurements. Initial aggregation rates and aggregate structure were examined. 
Due to the complexity of even this simple ternary system, the results demonstrated that 
organic matter could have a dual role:  by both inducing flocculation and by stabilizing 
colloidal systems.   
 
A stabilizing effect of the fulvic acid on the aggregation kinetics of hematite was clearly seen 
across wide ranges of pH and ionic strength.  Fulvics appeared to stabilize hematite due to a 
charge modification mechanism, in fair agreement with the theory describing the size and 
charge of the fulvic acids and the known ability of fulvics to adsorb to the surface of iron 
oxyhydroxides.    
 
The addition of exopolysaccharides also appreciably modified the system. According to their 
concentration, the exopolysaccharides were shown to either destabilize or stabilize a mixture 
of hematite and fulvic acid. For example, for previously stable mixtures of hematite and fulvic 
acid, the exopolysaccharides were generally shown to destabilize a hematite suspension while 
for previously rapidly aggregating systems (DLA), no appreciable effect or an increasing 
stability were observed. For low concentrations of added EPS, a bridging flocculation 
mechanism was proposed to explain the observed destabilization of hematite, while at higher 
EPS concentrations, stabilization was postulated to be due to a steric mechanism that 
prevented colloidal approach.   
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The study was nonetheless important in demonstrating the complexity of these environmental 
mixtures.  In real environmental systems, the variable presence of Ca, Mg, microorganisms, 
etc.  may have important but still unquantified effects.  Similarly, this study has examined 
only two, relatively important, biopolymers, fulvic acid and an EPS. The role of other 
biopolymers and the role of the important physicochemical parameters on the aggregation 
process will need to be examined more thoroughly. In future studies, it will be important to 
examine thoroughly other binary or ternary systems as a first step in improving our 
understanding of the formation and evolution of flocs in natural waters, a much more complex 
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Figure A1. TEM micrographs of a hematite aggregate formed from 10 mg L-1 in 125 mM KCl at pH 4 in the 
presence of 5 mg L-1 of IHSS fulvic acid. Scale bar corresponds to 500 nm. 
 
i) Scan the TEM micrographs (Fig. A1) 
ii) Find the center of mass of the object  
• threshold to a binary image and detect centroids  (mass center  will be 
given to any isolated object in the image. Thus, for the above image, some 
points have to connected by dilating the point until a single aggregate is 
formed.  
 
iii) Concentric circles are centered on the mass center of the object  
• Add a new layer to the image 
• In this layer, draw a circle that covers the entire object  
• Fill the section with black 
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• Deselect the circle 
• Duplicate the image 
• Delete the background (object) 
• Add new background (white) 
• Merge down 
• Find the centroid of the circle 
• Select all  
• Copy 
• Delete the layer containing the black disk from the previous image  
• Paste it onto the previous image  
• Use the moving tool to align both object and the circles centroids 
• Duplicate the image  
• On the duplicate image, delete the object (back ground layer) 
• Add a new background  
• Calculate the euclidian distance map (EDM) 
 
iv) Calculation of the number of intersection of the object and the EDM-circle 
• On the original image, delete the layer with the centered disk 
• Threshold to binary 
• Set-up image for calculation  
• Select the duplicated image  
• Apply a specific filter “mask” 
• Determine a histogram and save the file as a *.txt in a folder 
 
v) Graphical calculation of the fractal dimensions  
• in a graph program such as plot in log-log co-ordinates the number of 



















radius of the circles (pixels)
Figure A2. Log-log representation of the number of interswected points as a function of the circle fradii for a 
single aggregate 
 
In this case, y = A + Bx, A=0.996±0.047, B=1.537±0.036, R=0.0996. since df = B/2 + 1, a 
fractal dimension of 1.77 in good agreement with DLCA, is found here {Haye, 1989 #1313}. 
 
 
